PROCEEDINGS 
THE INSTITUTION OF 
CIVIL ENGINEERS 


PARTOL. 
JANUARY 1952 


ORDINARY MEETING 


6 November, 1951 


WILLIAM HENRY GLANVILLE, C.B.E., D.Sc. (Eng.), Ph.D., 
the retiring President, in the Chair 


_ The President said that it was with great regret that he had to inform 
the Meeting of the death, during the Institution recess, of Mr Guy Howard 


Humphreys, Member of Council. 


A resolution of condolence had been 


passed by the Council and conveyed to the members of Mr. Humphrey’s | 


family. 


The Council reported that they had recently transferred to the class of 


- Members 


Witu1am Duncan Arnot, B.Sc. (St. 

_ Andrews), 

WruMm AtexanpeR Ronatp Baker, 

_ B.Se. (Eng.) (Lond.). 

Epwarp Hues Bateman, M.A. (Cantab.), 
B.Sc. (Eng.) (Lond.). 

HERBERT WILLIAM BEASLEY. 

Marx Bernstein, B.Sc. (Cape Town). 

LzonarD Harry Birp, J.P. 

JOHN ALEXANDER scheme a B.Se. 
(Hdin.). 

‘Rosert Carry. 

‘Wit14m DEMpsTER. 

“ad Sand B.Sc. (Eng.) 


( * 
RoBERt Hawetns, B.Sc. (Bristol). 
-Auan CLEVELAND Hosss, B.Sc. (Eng.) 
__(Lond.). 
Kenyeta PatMer Humeiper, B.Sc. 
(Bristol). 
ARTHUR NEST JENNENS, B.Sc. (Bir- 


‘Vivian oe Jot, B.Sc. (Bristol). 


CHRISTOPHER WALLIS KING. 

Tuomas Tragan Lampe, B.Sc. (Eng.) 
(Lond.). 

CuaRLes Kennetu LararD, B.Sc. (Eng.) 
(Lond.). 

WILLIAM BRUCE Lawson. 

Kenneto Dovugias MatuEewson, B.A. 
(Cantab.). 

Duptery Hott New, B.Sc. (Eng.) (Lond.). 

JoHN ALBERT NEWELL. 


‘Davin Grorcs Norton, B.A. (Cantab.). 


Witu1am Joun Norton, B.A. (Cantabd.). 


TERENCE Patrick O’ SULLIVAN, Ph.D., 


B.Se. (Eng.) (Lond.). 
JOHN WYNGATE Perkins, B.A. (Cantab.). 
DonaLD ANDREW GLADSTONE REID, 
B.Sc. (Glas.). 
GERALD WARBURTON B.A., 
B.A.I. (Dublin). 
Horace Curnprert RowLeEY. 
Norman GEORGE SIMPSON. 


Rooke, 


~ Wri11am Jamzs SINCLAIR. 


KennetH GorDON STEVENS. 


f 


, 


i 


2 TRANSFERS AND ADMISSIONS 


Joun Ropertson Stewart, M.B.E., 
B.Sc. (Witwatersrand.). 


Frank Dennis Tuomas, B.Eng. (Liver- 
NoEL EpMuND Viner VINER-BRADY. 


Wattrer Aurrep Warts, B.Se. (Eng.) 
~ (Lond.). 


and had admitted as 


Students 


Harr AGGARWAL. 

InpER Saran AGGARWAL. 

ApELWIN Tasmit ABDUE. 

Wrtt1am RonaLp AGNEW. 
JaMES AIKMAN, 


_~ ANAND GANESH AKERKAR, B.E. (Bom- 


_ bay 

444} foes LPOG ALTY. 
Joun MicHart Dovetas ANDERSON. 
‘Wiu1am Greer ANDERSON, B.A., B.A.I. 

(Dublin). 

JOHN FREDERICK WILLIAM ANDRE 
Brian ARCHER, B.Sc. (Durham). 
Pavut REx ARGUE. 
Davin Joun Armstrona, B.A. (Cantad.). 
RayMonD ARROWSMITH. 
Srnacr ATTYGALLE. 
JouN HeapLANp AYERS. 
GERALD WALLACE BaILEyY. 
Gorpon LEONARD BaILey. 
Davin RicHarD BANHAM. 
Rosert Epwarp BaRNARD. ’ 
Eric Lionen Barron, B.Se. (Eng.) 


( .). 

Henry Grey Barrer, B.E. (New 
Zealand). 

ALEXANDER OGILVIE BEATTIE. 

GEOFFREY BEAUMONT. 

Ross BEaumont. 

Joun CoLttn BEEVERS. 

Dovenas BEtu. 

Guy Davis Bret. 

Donovan Harry BENNETT. 

Henry Grorce BENTLEY. 

Epwarp Faux Bust, B.Sc. (Nott.). 

Davip WILL1AM Berrs. 

Joun BisHor, 

Grorar ALLAN BLACKER. 

ARNOLD BLADES. 

Joun Ciirrorp BLANCHARD, B.Sc. (Eng.) 


(Lond. 


Narayan Gangsu Bonpre. 


Dersmonpd FREDERICK Boon. 
Joun Patrick Maurice Booru. - 
_ Sarttenpra Natu Boss, B.E. (Calcutta). 
_ JoserH JoHN Bravery, 
> _ SOnN Watrer Brapstock, B.E. (New 
Zealand). 


Ricnarp Cxciy Wuirexeap, B.Sc. 
(Birmingham). 
Rees JoHN WILLIAMS. 


Epcar Burke Wi1son, B.Sc. (Belfast). 


JOHN FRANKLYN BRAYNE. 

Arc Tuomas Brown, B.Eng. (Liverpool). 

Epwarp ALAN Harvey Brown. 

Davip Micuart Bunn. 

WItiiaM Sprers BURNSIDE. 

KENNETH GORDON BuRTON. 

Ricuarp Epwin Vivian Butter, B.A. 
(Oxon.). 

STEPHEN WILLIAM Henry ButieEr. 

Humpurey Ricuarp [an Cannon. 

Wrii1am Ricnarp CARMICHAEL. 

Prrer Carr. 

Davip DEREK CaSSTLEs. 

Ricuarp Gorpon CEcIL. 

Prtrer GEORGE CHAPPLE. 

GxrorceE SuracHAT CHATAI. 

Wiroip-JozEF CHopzk0-ZAsKO. 

TREVOR KENNETH CLARKSON. 

GERRARD CLOSE. 

Stantey Ropert CocHRANE, 
(Belfast). 

Eric MAXWELL CoLn. 

Prrer STANLEY COLEMAN. 

Prrer WILLIAM CooKE. 

ALAN JOHN CoopPER. 

GRAEME Rosin CoRTVRIEND. 

WituiaM FRANK Corton. 

Cotin ALFRED CowreE. 

Daviy Drnatey Cox. 

Epwarp Gray Oran, B.Sc. ae ie 

FREDERICK HARRY CRAVEN 

Joun Horace Huco CREED. 

Dennis JoHN Victor CrockER, 

Matcotm Stpnry Cuckow. 

Tan Ronatp CUMBERWORTH. 

WILLIAM Mackie Currin. | 

Hersert Lewis Curzon, M.A. (Cantab, ). = | 

CLIFFORD JOHN DARKE ; 

CHRISTOPHER JOHN Davrzs. 

‘Davip Maurice Davtss. 

Haypw Kerrn Daviss. a 

Joun Davizs, & 

Maurice Witiiam Davies. Ye 

Perer Witit1aM Davis. a 

Patrick JaMEs ALEC Davison, 

Ronayp Couin Deacon. mm } 

Antuony Joun Dear, ‘ pay 

Emin Huon DE QUERVAIN. 


M.Se. 


ADMISSIONS 3 


Evstaco GERALD DE ZILWA. 
Ratru Setwyn Dixon. 


_ Joun Rosert Tomxkys Dova.as, B.Sc. 


(Birmingham). 


- Danten AntHony Patrick Downes. 


PrtrR Royston DrysDALE. 

Kernnetu Henry Grorcr Duce. 

Dante, JosepxH Dvcxert, 
(National). 

Derek ALBERT DULY. 

Nicret Kennetu Duncan. 

Raymond Duncan. 

JAMES DuNSMORE. 

Micuarn ArtHuR ALLEN Dyzr, B.Sc. 
(Witwatersrand). 

MicHakrL CHARLES EARWAKER. 

Witi1am STEWaRT Easson. 

Harry Dan Epmonpson, B.Sc. (Eng.) 
(Lond.). 

Pavut Harper Dickinson Epwarps. 

JOHN MiIcHAEL EDBROOKE. 

ALFRED WILLIAM Eaan. 

Writ11am Dents ELDERs. 

Corn Victor CALDWELL Ex.Liorr. 

Matcozrm Lyatt LearmontH ELLIs, 
B.Sc. (St. Andrews). 

CHARLES JOHN ENGLISH. 

ANEURIN JOHN Evans, B.Sc. (Wales). 

CHALMERS HENRY FAIRWEATHER. 

PETER FARRINGTON. 

DEREK BERNARD Fawcett. 

MicHAEL JOHN FEAZEY. 

MERENNEGE MRaATNAPALA FERNANDO, 
B.Sc. (Eng.) (Lond.). 

Ropnery ARTHUR FISHER. 

ADRIAN Lzo FISHWICK. 

Parrick ALAN Firzpatrick, B.Sc. (Eng.) 
(Lond.). ; 


B.E. 


_ Eric Bryan FLESHER. 


GEOFFREY BucHANAN Fort. 


_Epwarp FRANCOIS. 


FREDERICK JOHN THOMAS FRASER. 
Tuomas FREDERICK FREWIN. 
RosBert SINGLETON FURNESS. 

Tan Goucn GIBBONS. 

KENNETH GIDDINGS. 

ALLAN CHARLES GILL. 

Ian Goss-Ross. 

Grorce Rupert Goonp. 


Grorar Evan GRAHAM. 


Pretrer Dovetas GRAY. ; 
Desmond WILLIAM BURBRIDGE GREEN. 
Trevor Rex GREEN. 


_ ALWYN GRIFFITHS. 


ANTHONY Gross. 

Harnamunace Don Tupor Davy Nima 
Tissa GUNAWARDHANA, 

Lionet Peter HarInes. 


-Prrer Hanpy-Hoimes. 


: 


é 


ro 


VirenpER Kumar Hanna, B.Sc. (Cal- 
cutta). 
Davip Jamns Hannay. 


Md 


Kernnetu Grorce Harton, 
JoHN Henry Wint14M HAVELOCK. 


CHaRLes ANTHONY Hawkins, B.Sc. 
(Belfast). 

Doveras OswaLp Hay. 

Derrek JoHun Norman HeEtz, B.Sc. 


(Eng.) (Lond,), 

RussELL Henperson, B.A. (Dub- 
in). 

Lxestiz NaTHAN HENDERSON. 

JAMES HERON. 

JoHN Dresmonp Heywortu,. 

ARTHUR BRADLEY HILL, 

Roger Pav His. 

Brian Patrick Lewis HiTcHen. 

Prtrrer JoHn HoLpcrort. 

Roy HotpMman. 

MicHAEL HOLuey. 

GEOFFREY BosocAwEN Howarpb, B.Sc. 
(Eng.) (Lond.). 

PrtrrR JOHN Howarp. 

Jack CLIFFORD Howe, 
(Lond.). 

Brian HuBBARD. 

ALAN Mavricr Hunt. 

Harotp Bower Hunt. 

Hueu Perrer Hunt. 

GARDEN (GARRY) WITTEN INGRAM, 

DonaLD ARTHUR JACKSON. 

Tan WALTER DUNLOP JACKSON. 

KENNETH RAVEN JACKSON, 
(Sheffield). 

Patrick JENNINGS, 

Davin GEOFFREY JEWELL. 

Grorrrey Max JOHNSON. 

RoBERT JOLLY. 

ARAVINDA JOSHI. 

NADARAJAH KANTHASAMY. 

Prerer Henry Norris KENDALL. 

Huaeu KERMODE. 

GEOFFREY Brian KERR, 

Joun Davip Kzrr. 

Wi11aM Davip Ross Karr. 

Gorpon WititamM Kina. 

Wit11am LANGFORD, 

RosBert WErR LEEs. 

Harvey LEEson. 

Ivan CHARLES Levy. 

Barry Luvy, B.A. (Cantab.), 

Davip LLEWELLYN. 

JOHN GopWIN LONGBOTTOM. 

JouHN FREDERICK LOWE. 

WILLIAM WALLACE Lowson, 

RatpoH Epwarp Luks, B.Se. (Eng.) 
(Lond.). 

MicuarL RicHarp THOMAS MaBss. 

Pearse Mary- MacLocuiainn, 
(Belfast). 

KENNETH RELTON MADSEN. “ 

Peter JaMEs ALEXANDER McBEAN, 

Dermot Wiitam MoCarreey, B,A,, 
B.A.I, (Dublin). ; j 


B.Se. (Eng.) 


B.Eng. 


B.S8e, 


4 ADMISSIONS 


Jack KinneLt McDave. 
Howarp Dovetas McGarr. 
Joun McKEnNA. 

Joun WitL1AM BERNARD MCKENNA. 
Tuompson JosEPH McKie. 
James Lyons McKrtnnon. 
RicuarD DonaLD McLAREN 
Davip Cook McLEAn. 
Ronatp Murpoou. McLEay. 
Cotmy Gorpon McMImiayn. 
Joun Morton McNavear. 
Rogpert BRyaAN Howarp MAtyon. 
Orro Hetnz MANKARZ. 
MioHAEL CHARLES MANN. 
Epwin Marx. 

Rosert MARSHALL. 

Bryan Grunpy MartTIN. 
PETER JAMES Mason. 
MIcHAEL JOHN MASTERSON. 
JOHN May. 

Brian MAYFIELD. 

Joun Brian MEERS. 

JOHN Haypon MEap. 
Epwarp MELLING. 

Ewatp MEYER. 

KENNETH JAMES Mipson. 
SranLey ANTHONY MILEs. 


AntHony Mavuricr Mituersnip, B.Sc. 


ee) (Lond.). 

AVID GEORGE MILEs. 
Roy Eric Mitts. 

Joun Mitsom. 


Davip Brercumans Minox, B.A.I. (Dub- 


lin). 
JouN FREDERICK Moore. 
JoHN Hrersert Moores. 
Peter Davin Morris. 
JOHN Munro. 
Joun BiroxHam Murray. 
JosrrH JEGASOTHY MYLVAGANAM. 
NAGENDRAM NADARASA, 
Davin ANTHONY NEALE. 
Grorce Howarp Nrwron. 
TREVOR ALLAN NEwTon. 
AuLan Dennis NICHOLLS. 
Ricuarp RuopEs NIcHOLsoN. 
Rosert Josreru NisBer, 


Don BerMvuLan PREMATILAKA NISSANGA. 


DEREK OrnmEROD. 

DEREK OwEN. 

Wiiu1am Trevor Owen. 
MicnHart Hueu Warp Pace. 
JoHN Epwarp PatmeEr. 
Herperr Bripen Park. 
Mavricr Parks. 

Tuomas Victor Parrort, 
AntHony SYDNEY PaTEeMAN, 
Watrer Surrer Parrrson. 
Joun Firman Payne. 
Roserrr CHarues Prax. 
Joun HenprERsSoN Prroy, 
Awan GrorGE PoLiock. 


Davip Cyrm Ropney Poors. f 

KENNETH JOHN PRANGNELL, B.Sc. (Eng. 
(Lond.). 

Doveras WILLIAM PRENTICE. 

GEOFFREY PRIOR. 

CuarLes HENRY PYE. 

ANTHONY JOHN PYKE. 

PonntiAH RAJENDRA. 

ANDREW GILBERT REID. 

Davin CrirrorD REYNOLDS. 

Davin Buiaxe Ricu. 

RosBert Doveias RIDpeETT. 

Brian Mayson RIMMER. 

Duncan McRae ROBERTSON. 

ANTHONY JOHN METCALF ROBINSON. 

Brian AnTHONY ROGERs. 

Pau Briant Rooxssy. 

Kennetu Hueu Ross. 

Kerru Murray Rowe. 

Davin Mryton RvssELL. 


_ ALAN JOHN SAINES. 


Susrt Kumar Sarkar, B.E. (Cleat 
James CLAYTON SCARISBRIOK. 
ANDREW NOEL SCHOFIELD. 


Lewis ARNOLD SoHOFIELD, B.Sc. (Leeds). 


Davin ALEXANDER NOEL 

CHARLES O’MALLEY HASKINS. SEALE, 
B.A., B.A.I. (Dublin). 

Haroup Francis SEED. 

ABEYARATNE BanpDARA EHELEPOLA 
SENEVIRATNE. 

higeciere Musarave SEWELL, B.A. (Can- 

) 

Epwarpb Francis SHIELDS. 

Harry RatcuirFe SHOTTON, 
(Durham). 

Aan Srmpson. 

Joun Srmpson. 

DonaLp ANTHONY SINCLAIR. 

CuirrorD ANTON SKERL. 

CHRISTOPHER EDWARD SLADE. 

GEORGE SLOAN. 

Ropert WILLIAM SMITH. 

SypNEY HERBERT SMITH. 

HENRY GRAHAM STOCKHAM, ; 

Joun JAMES STEELE. 

Prtrrer Henry STEWART. 


B.Se. 


DvuRAIPILLAY SUBRAMAMT, B.E. (Madras) 

Maurice JAMES SUTHERLAND. 

ALLEN FavuconntEr Surton. 

Lucius FREDERICK CHARLES ana 
B.A., B.A.I. (Dublin). 

oad Pure Rinqquist TaTMAN. . | 
DREW Parton Taytor, B.Sc. (Glasgow). 

Joun Taytor, B.A., B.A.I. (Dublin). , 

Kernneti JOHN TEASDALE, 4 

Crispin Frrrx Tompson, B.Sc. (Ran- 


JOHN ly a McKay Tuomson. 
Atan JoHN ToLsurr. 7 


LISTENS RV 


ADMISSIONS 5 
_ Parrick Tuomas TRAIL. Nice, ANTHONY WaTSON. 
_Jonun Wr11am Tournsvt, B.E. (New TxHomas Wrxt1aAMm WEAVER. 
* Zealand). GERALD RoBrert WEBLEY. 
- Harotp Perer TurRRELL. Davip Munro WEIR. 
_ Erto Victor WILLIAM TuRTON. Francis MIcHAEL WHITEHEAD. 
_ Vernon Emmanvet Huotor VaLuun. SATHIAVAN WIGNARAJA. 
4 PavuL VAVASOUR. Franors CLive WILLIAMS. 
__ Dents Vironn, B.Sc. (Manchester). Davin WILLIAMson. 
_ ALAN WALKER. Kerra Francis Denis Witson, B.Sc. 
_ GEOFFREY WALKER. (Eng.) (Lond.). 
_ Eric J oHN WatsHE, B.A., B.A.J. Patrick Wootcort. 
(Dublin). GrorcE ARTHUR WRIGHT. 
Wiu1am Wanpbs. Rospert ANTHONY YATES. 
_ Kewnetsu Micuart WarvDie. ALEXANDER Nicot Youne. 
_Joun ARTHUR WATSON. MonHamMMED YUSUF. 


_ JoHN RoLanp Watson. 


The Secretary announced the awards which had been made by the 


7 Council for Papers presented during the Session 1950-51. Details of these 
awards are given on p. 25. 


The President presented Coopers Hill War Memorial Medals to Mr 


_E. O. Measor, Member, and Mr D. H. New, Member, and the Institution 
_ Medal to Mr J. H. Cuckney, Student. 


The Retiring President said that it was now his pleasant task to 


introduce the new President, although he was quite sure that no introduc- 
_ tion whatever was needed. Mr Quartermaine had played a leading part in 
the Institution activities for many years. He had done a great deal for 
the Institution, and a great debt of gratitude was already due to him. 


Dr Glanville was quite sure that when Mr Quartermaine’s year of office was 


_ over the members would owe him an even greater debt. 


He then requested the new President to take the Chair. 
Mr W. K. Wallace, Vice-President, moved the following resolution :— 


“ That the members present at this meeting desire, on behalf of them- 
selves and others, to record their high appreciation of the services rendered 
to the Institution by Dr W. H. Glanville during his term of office as 


President.” 
He said that he had been a rank-and-file member of the Research 


Committee under Dr Glanville’s chairmanship and had also served as a 


Member of Council during Dr Glanville’s year of office as President ; he 


was sure that he spoke on behalf of all his fellow-members of Council when 


he said that Dr Glanville was an exceedingly pleasant man to work under ; 


he had never taken advantage of his position as Chairman, but had always 


tried to carry the Council along with him as a team. 


Dr Glanville had now vacated the Presidential Chair, and all the 
members of the Institution would wish to give him their best thanks for all 


that he had done during his year of office and would oes that he seaula not 


pad life empty in the years tocome. __ 


ca 


= 
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Mr H. J. B. Harding, seconding the motion, observed that nearly all” 
really nice people were inclined to be diffident, so that members had — 
watched with sympathy and admiration the way in which Dr Glanville — 
had gone about his difficult task. He had set an example in his — 
Presidential Address by making some bold and challenging statements 
It was to be hoped that other engineers employed by the State would 
be encouraged to speak out boldly, without fear or favour, when it was — 
judicious to do so. 

Dr Glanville was both an engineering scientist and a scientific engineer, 
and it was a good thing to have such a man ds President in these days, 
when pure science and engineering showed a tendency to diverge and _ 
scientists seemed rather conscious of a superiority. 1 

In his speech at the Annual Dinner, Dr Glanville had remarked that_ 
when he first joined the Institution the Council, which used to sit in serried— 
ranks, had an antique and almost apostolic appearance. Everyone hoped _ 
that Dr Glanville would be spared as a distinguished Past-President for 
many years, until he became as apostolic as the great men of his youth. 


The motion was carried with acclamation. 


Dr W. H. Glanville, in acknowledging the vote of thanks, said that it _ 
had been a very happy and a very full year. He had been most fortunate _ 
in having a loyal Council, who had given him unstinted support in every-_ 
thing that he had wished to do. He felt that if he had approached in any ~ 
way the measure of success which Mr Wallace and Mr Harding had indicated, 
the credit was due to the Council and to the staff of the Institution, and he _ 
wished to express his personal thanks to them for all that they had done. _ 


The President then delivered the following Address. 
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PRESIDENTIAL ADDRESS OF 


Allan Stephen Quartermaine, C.B.E., M.C., B.Sc.(Eng.) 
President, 1951-52 


The progress of an engineer to the office of President of the Institution 

_ of Civil Engineers, the unrivalled honour of our profession, can be aided or 
hindered by the whims of fortune, and in this respect I count myself as 
_ Specially favoured. As a Student, 45 years ago, I was not directed, as we 
might be today, to set as a target the distinction of becoming your Presi- 
_ dent. You have, however, been good enough to confer on me this great 
honour, and I desire at once to express to you my sincere appreciation and 

_ deep gratitude, and to assure you that I am very mindful of the responsible 

_ task which lies before me. Remembering the eminent engineers who have 

_ held this office, I enter upon my duties with pride and humility, and the 

_ earnest hope that I may be able to serve the Members, the Institution, and 
the profession, in a manner worthy of your trust. 

Our Past President, Mr Robertson, in his notable Presidential Address 

_ in 1949 covered the progress of civil engineering on the railways of Great 

_ Britain during the last 20 years, and volunteered to leave sufficient matter 

_ for a future Presidential Address by a railway engineer. Knowing his 

_ generous nature I sought for the leavings, but met with little success. I 

__ was, however, heartened by Robert Stephenson’s prophetic words in his 

_ Address to this Institution in 1856, when he said : 

= “ Our British Railways present a fertile theme for observation.” 

_ I am accordingly venturing to take the early days of railway construction 
as a background, before making reference to some of the conditions with 
which we are now confronted. 

As so much of my life has been associated with what was formerly the 
Great Western Railway, it would, I feel, be appropriate to select as an 
example of early railway construction some of the works of that famous 
engineer, I, K, Brunel, a contemporary of that other famous railway 

_ engineer, Robert Stephenson, who started the construction of the first 

_ main line railway from London to Birmingham just before the inception of 
the Great. Western Railway. 


THE Past 
_ Preliminary Work 
In March 1833 Brunel was appointed Engineer for the construction of 
a railway from London to Bristol, and it is noteworthy that he had refused 
_ to allow his name to be considered, when it was proposed to select the 
Engineer by means of a competition amongst the candidates for the 
_ lowest estimates for building the line. His views on the proposal were 


, 
a 
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definite. ‘ You are holding out a premium,” he said, “ to the man who 
will make you the most flattering promises. It is quite obvious that the — 
man who has either the least reputation at stake, or who has most to gain © 
by temporary success, and least to lose by the consequences of disappoint- 
ment, must be the winner in such a race.” It is fortunate for us today 
that attention was paid to these words. Brunel was selected, and we are 
now reaping the benefit of his foresight and skill, and the hard work and 
careful thought he gave to the construction and future success of the — 
railway. 

Isambard Kingdom Brunel, born in 1806, the only son of Sir Mare 
Isambard Brunel, had the benefit of a liberal education, followed by © 
engineering training under a father who was an engineer of exceptional — 
ability. From the age of 17 young Brunel was regularly employed in his _ 
father’s office, and at 20 was Resident Engineer during the later and more _ 
difficult period of the construction of the Thames Tunnel. This work in- 
volved so many difficulties, emergencies and failures, that it is not sur- 
prising that Brunel learnt what was to serve him so well throughout his 
life—endurance and self-reliance. -Although he had this good start in his 
career, his appointment as Engineer to the Great Western Railway at the 
early age of 27 was remarkable proof of the Directors’ confidence in his 
strength of character and ability to solve the problems facing the pioneers 
of railway construction. 

Before the Bill for the railway could be deposited full financial support _ 
was necessary, and as this was not forthcoming in time, a Bill for a curtailed 
project was deposited in November 1833. This was for one railway from 
London to Reading and another from Bristol to Bath. The Bill was 
thrown out by the House of Lords, but during its passage through Com- 
mittee in the Commons, Brunel, whose cross-examination lasted 11 days, 
excelled himself in dealing with the varied and violent opposition. 
Amongst the opponents were those interested in canals, rivers, and stage 
coaches ; land owners and farmers near London who feared competition 
with produce from a distance; those who wanted the railway nearer to 
them, and those who wanted it further away. 

By the following autumn sufficient money had been raised to enable 
the Directors to deposit a. Bill for the complete line from London to 
Bristol, thereby avoiding one criticism of the previous proposal that the 
railway had a head and a tail, but no body, and was neither “ Great” nor 

Western,” nor even a “ Railway.” The principal objection now centred 
on the location, which had been determined with that skill and courage 
displayed by Brunel in all his works. “ive 

His idea was to build a line of very easy gradients and curves, except 
where this was physically impracticable towards the Bristol end of the line. 
Here he concentrated his rather steep gradients of 1 in 100 in two compara- 
tively short lengths totalling 4 miles, so that if assistant engines were needed. 
their use would be restricted to this limited portion of the 118 mile journey. 
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Apart from these two inclines, the gradients consisted of 71 miles of level 


or flatter than 1 in 1,000, and the remaining 43 miles not steeper than 

_ 1 in 660. Similarly the curves for the first 100 miles from London were 

very flat, there being only a short length as sharp as 85 chains radius, the 
test being between 100 and 500 chains. 


The opponents of the Bill contended that the railway to Bristol should 
be by means of an extension, from Basing to Bath, of the railway sanc- 
tioned the previous session by the Southampton Railway Act. Brunel 


_ maintained that the gradients of a line from Basing to Bath would be un- 


satisfactory, but the opponents, whilst admitting that the gradients would 
be more severe, stated that they were so balanced that the rises and falls 


ee compensated one another and the line was therefore in effect practically © 
_ level. The Chairman of the Committee commented that on this theory 


the Highlands of Scotland would be as good as anywhere for the construc- 


_ tion of a railway. 


Another strong line of attack was centred on the proposed tunnel of 


__ nearly 2 miles in length at Box, which was described as “ monstrous and 
extraordinary,” “ most dangerous and impracticable.” Though Brunel’s 


persuasive powers overcame this opposition also, it is recorded that when 
the line was opened there were many passengers who left the train before 


3 reaching Box Tunnel, and finished the journey by road. 


The greatest contest was in the House of Lords where the battle was 
fought in Committee for 40 days, the opposing Counsel, Mr Sargent 


_- Mereweather delivering a 4-day speech, during which he claimed that 


almost every conceivable injury would be inflicted by the G.W.R.—the 
Thames would be choked up for want of traffic, the drainage of the country 


: destroyed, and Windsor Castle left without water. Eton College would be 


ruined, as London’s most abandoned inhabitants would come down by 
train and pollute the minds of the scholars, and the boys themselves would 


- run up to Town and indulge in all forms of dissipation. The beauty of the 
country would be destroyed, and the interests of the public better served 


by a railway from Basing to Bath. 
In spite of all these and many other gloomy prophecies the Bill was 
finally passed, receiving Royal Assent on the 31st August, 1835. 


Re Siensiruction=LéndéntoBristal 


Construction of the railway then proceeded at a speed which we cannot 


_ but fail to admire when we take into account the scarcity of assistants with 


engineering experience, and the almost complete absence of mechanical 
equipment. On the other hand Brunel did not suffer from shortage of 
labour, nor from the delaying action of Town and Country Planning Acts, 
and other retarding controls, his principal problem being the design of his 
works and the method of their execution. ee 

_ Started late in 1835, the line from London to Maidenhead, 24 miles 


_long, was opened in June 1838 ; to Twyford, another 7 miles, in July 1839 ; 
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to Reading, a further 5 miles, in March 1840; and to Chippenham, a total 
of 94 miles, in May 1841. Concurrently the line from Bristol to Bath was 
opened in August 1840, and the final line from Bath to Chippenham, in- 
cluding Box Tunnel, in June 1841—a total length of 118 miles in under 
6 years. } j 

tee I now refer briefly to just a few of the works involved, taking them 
in order from London, although construction proceeded simultaneously — 

from both ends of the line. 

The first contract at the London end was for the viaduct across the 
Brent Valley near Hanwell, let in November 1835, 2} months after Royal 
Assent to the Bill, and completed in 18 months. It is 300 yards long and 
65 feet high, comprising eight elliptical arches of 70-foot span, each pier 
being formed of twin pillars slightly tapered on all faces, and surmounted _ 
by stone capitals. The photograph shows the handsome appearance of _ 
the work, known as the ‘“‘ Wharncliffe Viaduct” after Lord Wharncliffe, 
who was so helpful when the Bill for the railway was before the House of 
Lords Committee. 

The next structure worthy of special mention is the brick arch bridge 
over the River Thames at Maidenhead, a standing tribute to the skill and 
courage of Brunel, and to his pleasing sense of proportion. The bridge is 
formed of two flat elliptical arches each of 128-foot span, and a rise of 
24 feet with four semi-circular arches of about 28-foot span at each end. 
The work was started in 1837, and the centering eased after 12 months, 
which operation delighted the critics as the eastern main arch distorted 
_ slightly, though the western one was unaffected. The contractor admitted 
his error in easing the centering too soon, and rebuilt the defective portion 
of the eastern arch. The centering was then left in position until late in. 
1839 when it was blown down by a violent storm, leaving the critics once 
more in despair as the arch and the whole of the bridge remained in perfect 
condition. Since then it has required only superficial maintenance, and 
carries today the heaviest modern locomotives and high speed traffic. 7 

When it became necessary in 1890 to quadruple the line, the widening 
was carried out to the same design by an addition on each side, the stone 
string courses and capping being refixed or reproduced on the new up and 
down stream faces. Tie-rods 1} inch in diameter were inserted at regular 
intervals across the bridge between the new spandrels, but not so as to 
_ show on either face. ; | 

Nine miles further on between Twyford and Reading is the start of the : 
cutting through Sonning Hill, nearly 2 miles long, with an average depth, 
for half a mile, of nearly 60 feet, involving a total excavation of about 12 
million cubic yards. The first contractor started at the end of 1837, but 
failed to make the promised progress and was replaced by three others, 
one of whom also failed early due to trouble with his men. The work was 
ultimately completed in December 1839 by direct labour under a Resident 
Engineer, and included two bridges across the deepest part of the cutting, 


’ 
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one a 3-arch bridge for a turnpike road, and the other a typical Brunel 
design timber bridge for a minor road. 

From this point westwards to Box Tunnel, 100 miles from London, the 
works were considerable and varied, including apart from stations, lengthy 
and high embankments, and deep cuttings, many of which gave trouble 
due to the unstable nature of the clay ; a variety of bridges, including two 
over the Thames at Basildon and Moulsford, each consisting of four 62-foot 
brick arch spans ; a stone viaduct just west of Chippenham, followed by a 


high embankment for over 2 miles, and then 3 miles of almost continuous 


deep cutting leading to the tunnel under Box Hill. 
This tunnel, the subject of so much criticism during the passage of the 


a Bill, was the longest contemplated at that time. It was a measure of 
_ Brunel’s confidence in his own judgement and ability to surmount diffi- 


culties that his location required the successful completion of this formidable 


- work and the subsequent operation of steam locomotives through the 


tunnel, nearly 2 miles long on a gradient of 1 in 100. 
The strata to be penetrated consisted of great oolite or Bath stone at 


_ the eastern end, followed westwards by light clay, inferior oolite and marl. 


The half mile length through the Bath stone forming contract no. 1 was 
to be left unlined, the remainder, contract no. 2 being lined with brick- 


work throughout. The six permanent and two temporary shafts, varying 


in depth from 70 to 260 feet, were completed in time for the two contracts 
to be let for the tunnel construction in 1838. 

Apart from two steam pumps, which were used to deal with the heavy 
influx of water, men with horses, manual tools, and gunpowder, accom- 
plished the work. The excavated material was drawn up the shafts by 
horses turning rope drums, and at the peak of the work four thousand men 
and three hundred horses were employed. The flow of water from 
numerous fissures impeded progress, and for 8 months a section of the work 


was stopped as the water gained on the steam pump, flooding the workings 


and rising to a height of 56 feet in one of the shafts. This was eventually 
overcome by the installation of a second steam pump of 50 horse-power. 
In February 1840, when two-thirds of the tunnel was constructed, three 
additional shafts were sunk to provide more working faces, as completion 
was becoming increasingly urgent. Brunel and his Resident Engineer, 


F William Glennie, forced the pace, and by continuous night and day work 


the tunnel was finished ready for the opening of the last section of the line 


in June 1841. 
The Inspector-General of Railways, Sir Frederick Smith, reporting on 


the line on the 28th June, 1841, described the unlined portion, which in 


places is 40 feet high, as ‘“‘ formed by excavating the natural rock in the 
shape of a gothic arch, no part of which is lined with masonry.” Much ~ 
fear was entertained in regard to the safety of the tunnel, and this was in- 
creased by the statements of an eminent geologist, Dr. Buckland, at a 
meeting in this Institution in May 1842, when he expressed the view that 
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those portions of the tunnel constructed through the great oolite and left 
unsupported were peculiarly liable to danger, and he feared that the vibra- 
tion caused by railway carriages would tend to loosen and detach masses 
of stone. This resulted in a special examination being made by Sir 
Frederick Smith’s successor, Major-General Pasley, who upheld Brunel’s 
opinion, stating that he was perfectly satisfied with the security of the 
tunnel. After a severe frost in 1845 a small piece of rock fell from the 
bottom of one of the temporary shafts, and arches were turned under this 
and one other shaft. About 50 years later a further section was lined 
after a fall following an exceptional frost, thereby reducing the unlined 
portion to about half its original length. 

As will be seen from the drawings of the west portal, the persistent 
criticism, evil forebodings, and the many difficulties of construction did 
not deter Brunel from providing an attractive entry to this “ monstrous 
and most dangerous hole.” 

The works between the tunnel and Bristol were generally more varied 
and heavy than those on the London side of Box. They include a second ~ 
tunnel near Box, 200 yards long, a handsome arch bridge of 90-foot span 
over the River Avon at Bathford, a long and high retaining wall holding 
up the Kennet and Avon Canal, two short tunnels and a viaduct of thirty- 
three arches leading to an 88-foot span arch bridge over the Avon at Bath 
Station, which itself was built on arches. . 

Leaving Bath the railway again crossed the Avon by two 80-foot span 
timber arches on a 60-degree skew, followed by a viaduct of seventy-one 
arches, another part viaduct and part retaining wall } of a mile long, and 
a walled cutting leading to Twerton Tunnel, 264 yards long. After this 
there were 2 miles of high embankment, a deep cutting, Saltford Tunnel, 
176 yards long, another long embankment and deep cutting, two short 
tunnels subsequently opened out, then a 1,000-yard tunnel at Brislington 
and two shorter tunnels, one of which was also opened out at a later date. — 
Finally in the last mile there were bridges over the Avon, the Feeder 
Canal, and the Floating Harbour leading to the terminus at Bristol, which 
like Bath was built on arches. The original station at Bristol forms today 
the present nos. 13 and 15 platforms, and the roof, still in good condition, 
1s an example of handsome timber work spanning 72 feet between columns 
with an overall width of 112 feet between the outer walls. . 

At Paddington the original station was built in 1838 in rural sur- ) 
roundings just west of Bishops Road, on the site which Brunel intended 
for the Goods Depot. This was due to the delay experienced in obtaining 
ee for the road diversions necessary to enable the station to be built 
_ on its present site. In 1850 the Directors, influenced by the increasing — 

traffic, decided to provide a more suitable terminus, toaether with ad- 

ministrative offices and Hotel. Brunel was greatly attracted by the 
engineering possibilities of this, as evidenced by the following extract from — 
a letter he wrote to a friend on the 13th J anuary, 1851 : be 
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“TI am going to design in a great hurry, and I believe to build, a 
station after my own fancy—that is with engineering roofs, etc., without 
any architectural attempt. It is at Paddington in a cutting and ad- 
“ mitting of no exterior, all interior and all roofed in.” 


The station was opened in 1854 and is, I suggest, an admirable example of 
Brunel’s ability to design engineering structures of simple and graceful 
appearance. 

The original roof which forms the major portion of the present station 
was 700 feet long by 240 feet wide, comprising a centre arch span of 102 
_ feet rising to a height of 62 feet, and two side spans of about 69 feet each, 
_ 48 feet high, crossed at two points by transepts 50 feet wide. In addition 
__ there was on both the up and down sides a further 50-foot width of flat 
- roofing 20 feet high. 

4 The three arch spans are roughly elliptical in shape and composed of 
_ wrought iron ribs at 10-foot centres springing from light lattice girders 
_ supported on columns 30 feet apart. The ribs taper from about 18 inches 
deep at the crown to 2 feet 6 inches near the springing, and are formed of 
light angles and web plates with ornamental holes cut in the webs round 
the soffit to enhance the light appearance. The wide expanse of glazing 
running for the full length of all spans and transepts, and occupying nearly 

70 per cent. of the roof area, was of the ridge and furrow style adopted by 

Sir Joseph Paxton in his 1851 Exhibition building. The general effect was, 

and still is, bright and pleasing. The roof covering served the require- 

ments of the station until 1914 when an additional span of 109 feet of the 
same design was added on the arrival side. 
Since the roof was completed in 1854 no serious maintenance work, 
__ other than painting and resheeting, was needed until 1914 when some of the 
_ cast iron columns were replaced by built-up steel ones, the remainder being 
replaced in 1924. Since then slight repairs have been carried out to some 
of the ribs, and the glazing renewed in two spans. In 1940 and 1941 tie 
rods were provided at arch springing level to minimise the effect of bomb 
damage, and in 1944 a rib in the eastern transept was severed by a bomb, 
without consequential effect on the remainder of the roof, one 20-foot 
length of one rib only having to be replaced. The roof in other respects 
remains today substantially as constructed by Brunel nearly 100 years ago. 
There is not time this evening to refer in any detail to the many other 
works of Brunel, including his notable timber viaducts in Cornwall, his 
unsuccessful atmospheric. system of propulsion for the South Devon 

Railway, his first steamship the “‘ Great Western,” 2,300 tons displacement, 

_ Jaunched in 1837, and his famous steamship the “ Great Eastern,” 680 feet — 

long and 27,400 tons displacement, launched broadside in 1858. I cannot, © 
however, omit reference to the last and greatest of his railway works, the 

Royal Albert Bridge across the River Tamar at Saltash, extending the 
_ Great Western Railway from Devon into Cornwall. age 
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Royal Albert Bridge a aie 
A proposal was made in 1844 to take trains into Cornwall by means of a 


train ferry, but in 1847 Brunel stated it would be practicable to bridge the 
Tamar at Saltash where the river is about 1,000 feet wide and 70 feet deep 
at the centre at high water. After consideration of the site conditions and 
the requirements of the Admiralty for naval vessels passing up and down — 
the river, Brunel finally decided on two main spans of 455 feet with a centre 
pier in deep water, and seventeen approach spans making a total length of 
2,200 feet, the main spans being 100 feet clear above high water. 

The bridge was built to carry only one track, Brunel’s view being that 
in the case of such an expensive structure the extra cost of a double line, 
£100,000 at that date, could not be justified for this short length. It 
remains today the only piece of single line between Paddington and 
Penzance, and is not really an inconvenience as the traffic margins are 
sufficient, 

Apart from the design and erection of the main spans there was the 
difficult problems of constructing the centre pier. Asa description of this 
work is given by R. P. Brereton, Brunel’s principal assistant, in his Paper 
to the Institution in 1861, I will only say that it included the sinking of a 
wrought iron cylinder 37 feet in diameter, 90 feet high, and weighing 290 
tons, in 70 feet of water through about 16 feet of silt to reach a reliable 
foundation on the rock in the middle of the River Tamar. Within the 
cylinder was constructed the masonry pier 35 feet in diameter, carried up 
to 12 feet above high water level. On this stand four cast iron octagonal 
columns nearly 90 feet high supporting the upper arched section of the 
pier, through which the trains pass and on top of which the tubes are 
carried. 

The two main spans each 455 feet long were designed as a development 
of an earlier Brunel bridge over the River Wye at Chepstow, in a way which 
made use of a wrought iron tubular arch in effective combination with 
suspension chains, so that the pull of the chains is resisted by the tubular 
arch. The track-carrying girders are suspended on hangers from the tubes 
and the chains, alternate hangers being connected to both tube and chain. 
The hangers are braced transversely and longitudinally and the finished 
truss forms a remarkably rigid structure, but presents us with an ex- 
tremely difficult problem in stress calculation. 

In the general design Brunel made the rise of the tube, 28 feet 9 inches, 
approximately the same as the fall of the chains, 27 feet 6 inches, both 
forming flat parabolic curves and giving a pleasing appearance. The arch 
is a single wrought iron oval tube 16 feet 9 inches wide and 12 feet 3 inches 
high, from which hang four suspension chains each having a cross section — 
of fourteen 7-inch x l-inch wrought iron links. The weight of the iron- 
work in each span is over 1,000 tons. “ 

The erection was carried out by constructing the trusses complete on 
the Devon shore, floating each one out in turn on pontoons to its correct 
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" position where it was jacked up in short lifts, the masonry of the shore 


_ Pier and the cast iron columns of the centre pier being built up under the 


_ truss as the work progressed. The total lift was nearly 90 feet, and as 


q 


- the trusses are 455 feet long, 72 feet high, and less than 20 feet wide, the 
work must have been planned and executed with great care, particularly 


as the erection occupied 12 months, and the site is open to severe winds. 
With the trusses in their final position the top of the tubes is 260 feet above 
the river foundation which is 35 feet in diameter. Brunel was present ~ 
during the early stages of the lifting of the first truss, and thereafter the 
work was supervised by his distinguished assistant, R. P. Brereton. 

The bridge cost £225,000 and was opened by the Prince Consort in 


1859. Since then the decking of the bridge has been renewed, the ap- 


proach spans reconstructed, additional horizontal bracing added to the 


~ main trusses, and some Tepairs carried out at the attachment of the 
_ verticals to the tubes, otherwise the bridge remains as constructed, a 
- monument to the skill and courage of the designer. 


After this necessarily brief review of some of Brunel’s works I would 
like to bridge the gap of nearly 100 years to 1951 by referring to three 
characteristics of this famous engineer, which are perhaps of particular 


_ interest today—his energy, his artistic inspiration, and his wide general 


knowledge. 
Brunel, who’was a senior Vice-President of this Institution, and 


_ would have become President but for his early death at the age of 53, 


displayed throughout his life almost tireless energy and enthusiasm for his 
work, and much of the comfort and leisure we now enjoy is derived from 
the strenuous labours of men of his tenacity. The spread of industrialism 


_ to almost all countries, the effect of two world wars, and the present tragic 
_ international situation is depriving us of our advantages. The position 
_ today demands that we call to mind the indomitable character of those 


who helped to build our industrial prosperity, as it seems evident that 
we can only hope to retain the benefit of our heritage by a revival of the 
unconquerable spirit of the Battle of Britain and the energy of such men as 
Brunel. 

_ Brunel's works stand as proof of his designing skill, and also show how 


~ much thought he gave to the appearance of his structures, using to the full 


his remarkable eye for proportion. This has not always been followed by 
his successors, and as Members will know, six valuable lectures were 
delivered at the Institution in 1944 on the “ Aesthetic Aspect of Civil 


_ Engineering Design,” with the object of stimulating within civil engineers 


and students an appreciation of this phase of their work. The key-note _ 
today is economy and we find it beyond our means, even if it were our. 
desire, to provide the fine stone capitals seen in such structures as the 
‘Wharnclifie Viaduct, but the beauty of much of Brunel’s elliptical arch 
work was achieved without additional cost, and without the assistance of 
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the Royal Fine Art Commission, or the approval of the Town and Country — 
Planning Authority. 

Though Brunel had very many difficult technical problems to solve he 
did not restrict himself to one at a time, as for example when he built 
the steamer “ Great Western” at the very time when he was engaged 
on the construction of the Great Western Railway. Nevertheless 
he found time to study nature and art, and to acquire knowledge of the — 
_ world and its affairs, and combined administrative ability with his ex- 
ceptional engineering talent. Today the field of engineering knowledge _ 
and research is so wide that it encompasses not only the whole of an 
engineer’s working time but much of his leisure hours to the exclusion of 
other interests, and it would indeed be wrong if too many of our Members 
deprived the profession of their skill by undertaking other activities. On 
the other hand, the increasing extent to which the work of the engineer ~ 
affects almost every aspect of the life of the community requires that he 
should be more frequently amongst those who hold administrative posts, — 
and are represented on the governing bodies of the nation. The Engineer’s 
readiness to get on with his own job, and to leave to others the less arduous: 
task of talking about it, is understandable, but this natural inclination, — 
increased by the desire to avoid anything approaching self-advertisement, — 
results in his being too readily and too automatically excluded from the _ 
administrative side of affairs. We do not want a Board of Directors, a 
County Council, or a House of Commons composed of engineers, as this 
would be not only a scandalous waste of engineering talent, but as un- 
satisfactory as a House full of doctors, accountants, scientists, or even 
professors of economics. On the other hand the present scanty representa- — 
tion of professional engineers in administration and government is neither 
good for the country nor the profession. It lacks originality to say that 
the time is overdue for this to be changed, but the need grows as the © 
engineer's work becomes more widespread. ei? q 
The breadth of view and knowledge needed for successful admini- — 
strative work is, however, not acquired by technical education alone. 
Contact with those engaged in a variety of activities, and interest in social 
science, philosophy, law, economics, industrial relations, and even the art 
of speaking and report writing are all helpful, and to some extent necessary. 
The Railway Executive have included engineers amongst those who atte nd 
Sessions at the Administrative Staff College at Henley, and thisisa valuable _ 
step in the right direction. In many industries such as the railways, whe e | 
engineers control a large number of men and collaborate with many | 
departments, administrative ability is required to perform successfully the 
engineer’s own work, quite apart from its value in a purely administrative 
post. It has to be admitted the technical and scientific information of — 
which the young Engineer has to obtain a working knowledge, is now 80. 
varied and extensive, that one hesitates to suggest he should add to this a 
determination to acquire more general knowledge. It may sound un- 
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_ reasonable, and much cannot be expected in the early stages of his aca- 
demic career, but it is for the very reason that his technical education 
_ never ceases that it is necessary for him to resist the tendency to exclude 


_ everything else. 


; _ Tue Rarttways Topay 


May I now turn to the railway situation today. 


~ Railways Essential 

- During the nineteenth century construction was the great objective 
and railways were projected and built in every direction, until by the end 
_ of the century the country was traversed by a network of lines serving all 
- districts. Now the position is that the railways exist, and it is sometimes 
_ said without thought that their days are numbered, as they will inevitably 
_ be superseded by road and air transport. You will not be surprised that I 
_ do not subscribe to this view, and I would like to give some indication of 

the position as I see it. 
In Dr Glanville’s brilliant Presidential Address he referred to the con- 
_ gestion which already occurs on the roads, particularly in and around large 
_ cities. A 5-year programme has since been recommended to the Minister 
of Transport by the London and Home Counties Traffic Advisory Com- 
mittee, involving an initial expenditure of about £20 million in London at 
the earliest possible moment, and confirming the approaching critical 
situation in the London area. Every addition to road traffic adds still 
_more to the inevitable difficulties which must arise in a country the size of 
_ Great Britain when the number of vehicles on the roads is increased at a 
much greater rate than the improvement of roads to carry them. Partly 
as a result of two world wars the rate of production of road vehicles has 
been increased, and the construction of roads had been delayed through © 
lack of labour. It may be said that this will cure itself in a few years by 
expenditure on road improvements throughout the country, and much 
could no doubt be done in this way. What is really happening is that 
construction work, even on arterial and by-pass roads, which was too slow 
before the war, is now by force of circumstance reduced beyond recognition. 
The more serious problem, however, of dealing with any considerable in- 
-erease of road traffic into major towns is a far greater one involving un- 
predictable delay and vast expense. 

In the London area surface traffic at peak hours has reached saturation 
point and for such traffic further tube railways will doubtless prove the’ 
quickest and cheapest, and probably the most certain means of improve- 
ment. It seems essential that an early start should be made with the 
most urgent section of new tube railway, followed by steady progress with 


a long term programme. 


oo 
Ps 


18 PRESIDENTIAL ADDRESS — 


Most of us are aware that the main line railways carry an immense _ 
amount of traffic, though it may not be remembered except at holiday — 
times. In 1950 the main lines handled 1,000 million passenger journeys 
and 22,000 million net ton-miles of freight. During the morning rush hour — 
at the main line termini in London 3,300 passengers arrive per minute. If 
this traffic were gradually transferred to the roads it is clear that transport — 
thoughout the country and the approach to large towns would become ~ 
chaotic, in spite of all the prodigious efforts which might be made, and the — 
crippling expenditure which would be incurred in an attempt to match — 
the roads to the traffic. Lengthy journeys by car at busy times already — 
involve joining queues travelling behind slow moving lorries, whilst each _ 
car awaits an opportunity to pass in safety. On the long stretches of main 
roads of two car width the delay in passing is often prolonged, and a further 
queue is reached at no great distance ahead. If the railway passengers 
and freight which I have just mentioned were added to these queues and 
to the congestion entering and leaving large towns, the temperatures of 
cars and drivers would rise, the speed of transport would fall, and the . 


disastrous story of road accidents, estimated to cost about £100 million 
per annum, would become an even greater national tragedy. Furthermore, 
the strategic value of the railways would be lost, and the burden carried by 
them during the war, when the traffic was so heavy that intending 
passengers were exhorted to avoid rail travel, would, if placed upon the — 
roads, be a menace to our security. 

In mentioning these extreme conditions it is not my intention to argue _ 
a case for rail in preference to road traffic, but to indicate that both forms _ 
of transport are essential in this highly industrialized and heavily popu- — 
lated country. The British Transport Commission are applying them- 
selves to the difficult task of integrating all forms of transport, and this is 
clearly the urgent problem with which we are faced. 


Capital Investment 
The existing railway system, which would cost about £3,000 million to — 
construct today, is an invaluable heritage which must be not only main- 
tained and used to the best advantage, but also improved wherever — 
necessary to ensure that the country reaps the greatest benefit from it. 
By this I do not infer that there are not many railway branch lines and 
stations which can no longer justify their existence. Such deadwood 
should be, and is being, cut out of the railway tree. The rest of the tree, ; 
however, should be nurtured and fertilised, and not starved into a state of — 
unfruitfulness to the everlasting detriment of the nation’s economy. — 
Reduction in operating and maintenance expenditure is essential, but wise 
capital investment on improvements is equally necessary. The.confidence | 
of all associated with the actual running of the railways needs to be strength- 
ened by the certain knowledge that the industry must and will advance, — 
and that policy will be directed to this end. The present unavoidable _ 
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curtailment of capital expenditure, if pushed too far, may not only retard 
__ the postwar convalescence of the railways, but set them back so far as to 
_ cripple them permanently. With all the commitments facing the country, 
_ efficient transport by rail and road is of first importance and expenditure 
_ on revitalizing this in a co-ordinated manner is imperative. The late 
_ Minister of Fuel and Power said that rearmament must not be allowed to 
check investment in the mines because coal is a vital defence requirement. 
May I add “ so also is transport.” The Railway Engineer desires to assist 
_ in the wise planning and speedy execution of construction works to provide 
better, quicker, and if possible, cheaper service. By various methods he 
~ is achieving some success in handling the problem of labour shortage, but 
_ like many others he wants a far higher place in the queue for materials. 


~ Maintenance 
The ever present problem, to which the engirfeer directs his thoughts 
_ and energies, is the vast and varied task of maintaining the existing 
_ way and structures. In general this might be described as the more 
_ economical design, use of materials, and execution of civil engineering 
_ work, the better organization of the considerable manpower employed, 
constant research into improved methods, and the most effective applica- 
tion of mechanical equipment. The annual civil engineering bill for 
maintenance is over £50 million and to ensure every effective reduction in 
this without loss of efficiency necessitates the employment of staff with 
_ engineering training, experience, and ability of a high order, 
During the 100 years or more that many of our railways have been in 
existence, much has been done to improve the standard of construction by 
_ replacing original timber and cast iron structures by stronger and more 
lasting ones, providing heavier permanent way and better curves, im- 
proving signalling, track formation, and many other features. This work 
does not cease with the passage of time, as structures continue to wear out 
or deteriorate to a point beyond which it is no longer practicable nor 
economical to repair them, and renewal becomes necessary. In addition 
many stations, goods sheds, locomotive depots, and similar works need 
reconstruction on modern lines due to obsolescence. Reconstruction and 
modernization is normally undertaken in a way which will give the best and 
“most lasting results for the least expense in first cost and subsequent 
maintenance. On the other hand there are sometimes cases where it is 
reasonably certain that change of traffic or policy will render a structure 
redundant in a comparatively short time. Long life is not then one of the 
essentials and the cheapest building to meet the requirements is all that is 
needed. Itis, nevertheless, necessary to inject some engineering economics 
into the department asking for cheap buildings, otherwise the money saved 
im the cheapening process may have to be spent subsequently by the 
unfortunate engineer on the costly maintenance of these utility models. 
_ The civil engineer has to direct his attention to a great variety of 
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maintenance works, but I will refer briefly to only three—bridges, tunnels, — 
and the formation under the track. 


Bridges 

pee Railways have over 60,000 bridges of all shapes and sizes up 
to the largest, the Forth Bridge, and of ages from 1 to over 100 years. 
Many of the old masonry and brick arch bridges and viaducts are almost as 
good as when constructed; others develop a variety of defects. The 
more usual, such as bulging spandrels, cracked arches, perished brickwork, 
and decomposition of mortar, can be dealt with by well established prac- 
tices. Foundation settlement and distorted arches afford more scope for 
ingenuity in repair. : 

Most of the oldest metal bridges are of wrought iron and many are over 
90 years old. These have some of the characteristics of the old soldier, 
but they do ultimately expire, as do the less aged steel structures. There 
are, in consequence, plenty of opportunities for evolving improved designs 
based on experience of the behaviour of old bridges, and our present 
knowledge of riveted or welded steel work, reinforced concrete, and pre- _ 
stressed concrete of various forms and methods of fabrication. The 
present need for conserving steel is an added incentive to the greater use of 
reinforced concrete, whether pre-stressed or not, and always before us is. 
the desire to find new and better materials and forms of construction, the — 
guiding principle being reasonable first cost, long life, and low maintenance _ 
expense. The problem of speedy erection, however, generally affects the 
design, as the actual replacement of most bridges carrying the railway 
must be undertaken on Sundays and may have to be completed in a few _ 
hours, because trains, unlike lorries and cars, cannot be diverted to side — 
roads for several weeks. : “i 


Tunnels 
‘There are on the British Railways 1,085 tunnels with a total length of 
310 miles. Many of these are approaching or over 100 years old, and most > 
have withstood the passage of time well. Their principal defects, the — 
deterioration of mortar and scaling of brick or masonry linings, are repaired _ 
by deep pointing, or cutting out and replacing one or more defective rings 
in short lengths as necessary. Less frequently a tunnel may require 
drastic treatment due to serious distortion of the arch or side walls, in- 
volving a new invert or complete relining, or it may even be necessary to _ 
construct an entirely new tunnel. H 

At the present time there is in hand the construction of a new double 
line tunnel, just over 3 miles in length, on the Manchester-Sheffield line _ 
through the Pennines between Woodhead and Dunford Bridge stations. _ 
The lining of the existing twin tunnels, after 100 years life, has deteriorated _ 
so much that further economic maintenance under intensive traffic con- 
ditions has become impracticable. The construction of the tunnel was 
commenced in March 1949, and the pilot heading completed last May. _ 
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_ _ Such works are fortunately exceptional, but the railways are never 
_ without tunnel problems somewhere. In two recent cases the side walls 
Settled and moved inwards, involving in one tunnel very heavy inverting 
and relining,-and in the other the complete opening out of the length 
_ affected. 


_ Track Formation 
Efficient and economical maintenance of the permanent way presents a 
Serious drainage problem which is still the subject of experimental research. 
_ Water is very frequently a source of trouble to the engineer, and it is 
_particularly so under the railway track. In theory, rain water should 
_ drain through the ballast and pass harmlessly to the side drains or ditches. 
Much of it behaves in this way, but where the formation is a cohesive 
material such as clay, of low shear strength when the moisture content is 
high, it is a constant fight between the clays readiness to increase its 
_ Moisture content beyond stability, and engineers’ efforts to remove the water 
_ before this occurs. Once the clay gains a lead on the engineer it rapidly 
_ takes charge, as the resulting slurry holds the water, and passes into the 
_ Open joints of drains, sealing these and impeding or stopping further water 
Teaching the drains. This is the beginning of what might be described as 
_“* Operation Porridge,” as the slurry rises up through the ballast, rendering 
the engineer almost powerless until he removes the track and digs out the 
offending mixture of ballast and slurry down to a level at which the clay is 
‘in its undisturbed state. On this new formation he must start afresh, 
carrying out a process known as “blanketing.” In the past, a layer of 
ashes was tried with little success, and fine sand proved to be a better 
material. Now it is considered that more lasting results will be obtained 
by a thickness of 1 foot or more of stone dust, rolled or tamped mechani- 
cally before adding a layer of coarser material graded upwards to the size 
of ballast, on which the ballast itself is spread and the track replaced. At 
the same time the side drains must be renewed at a suitable level to draw 
off the water before it ever reaches the clay again. Other methods have 
been tried, including cement grouting, sand piling, sand infiltration, and 
even laying concrete slabs on the formation. Considerable lengths now 
Tequire treatment due to neglect during the war and subsequent shortage 
of labour. Whilst lasting results are essential, we need to find means of 
expediting the work and reducing the cost. In any event the restoration 
of defective track formation and drainage cannot be deferred if we are to 
provide better running and a subsequent decrease in maintenance expense. 


The Railway Civil Engineer Today 

__ Improvement of the railways and reduction in the cost of maintaining 
the way and works can only be achieved by combining hard-headed 
tailway experience with a progressive spirit of research and development. 
This involves investigation of the problems by skilled and well trained 
engineers. Mediocrity and accountancy will not be sufficient. 
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Opportunites are accordingly provided to graduates and young men of — 
matriculation standard for training under agreement in accordance with 
the Institution requirements; at a later stage selected young engineers ~ 
showing more than average competence are picked for further special 
training or for brief tours on Continental railways, or to attend courses or 
international conferences on engineering subjects. 

With the clear necessity for making the railways more efficient, whether 
it be by the extension of electrification, the mechanization of goods working, © 
the improvement of design to reduce cost, the wider application of modern 
techniques, the profitable expansion of the use of mechanical plant, or any 
other advance on older methods, an essential need is for engineers who are 
skilled in their work and carry it out in a way which inspires their staff with 
confidence, enthusiasm, and pride of achievement. 

It is a compliment to the railways that many young men aspiring 
become qualified engineers recognize that railway work is a valuable | 
training ground, and it is necessary that the best of these should not be | 
attracted away from the service. In an organization so vast, care 1 
needed to ensure that centralized instructions and standards, necessary 
and desirable as they are, do not discourage the inception and development _ 
of new ideas amongst the staff of the Regions. Good engineers live and — 
thrive on the success of their ingenuity and inventiveness, and the morale — 
of the many excellent men, young and old, on the engineering staff would 

be lowered if their initiative were unduly restricted. Any impression tha 
the work of a railway engineer is lessening in interest and opportunities i 
wrong, and there must be no room for doubt that railway service is at- . 
tractive as a permanent career. 

Technical and organizing ability is more than ever necessary when — 
receipts are not keeping abreast of rising costs. The railways, unlike oth 
nationalized industries, cannot freely raise the price of the commodity _ 
they sell, because of the statutory restrictions placed upon them, and 
because the commodity is not like coal, gas, and electricity, which the 
public must buy whatever the price. Railway engineers of today are — 
impressed with the importance of reducing costs, and I commend their 
efforts to achieve this whilst faithfully carrying their heayy responsi- 
bilities. No praise or criticism, however, and no amount of skill and 
training will be sufficient unless we add also something of the spirit of 
Brunel. He lived at a time when this nation was creating its greatness, _ 
and recognized that only by unflinching determination and incessant effort 
could obstacles be overcome. Such a spirit is needed more than eve’ 
today, both on the railways and in other spheres. We are proud of our — 
famous engineers and now, when it seems that our greatest effort is re- 
quired, we can perhaps draw guidance and inspiration from them. May I 
therefore in conclusion recall the words spoken by Joseph Locke, President 
of this Institution, at the meeting on the 8th November, 1859, after the 
deaths of Isambard Kingdom Brunel and Robert Stephenson : 
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“We at least, who are benefited by their successes, who feel that our 
Institution has reason to be proud of its association with such names as 
Brunel and Stephenson, have a duty to perform and that duty is to 
honour their memory and emulate their example.”’ 
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Mr V. A. M, Robertson, Past-President, moved 


“ That the best thanks of the Institution be accorded to the President 
for his Address and that he be asked to permit it to be printed in the 
Proceedings of the Institution.” 


_ In doing so, he remarked that it was most opportune that the President’s 
impending retirement after 40 years’ service with the Great Western 
_ Railway (and its successor—British Railways—Western Region) should 
_ coincide with his accession to the Presidential Chair of the Institution, 
because that evening he had given, and left to posterity, an Address which 
ranked as high as any Presidential Address which the Institution had ever 
Freceived. 

The Address had been divided into three parts. The first part dealt 
with Brunel and all he had done for the Great Western, including his 
_ famous design for the line from London to Bristol, his Maidenhead bridge, 
Box tunnel, Paddington station, and all those other works which had 
‘helped the Great Western, with its great traditions, and which had not been 
unhelpful to Mr Quartermaine in his own great task. The President had 

then dealt with the railways as he knew them to-day, and lastly with the 
railway civil engineer of to-day ; and what he had said would not be dis- 
puted by any railway engineer present. 

Towards the end of the Address the President had emphasized a point 
which Mr Robertson felt was very important. Any impression that the 
work of a railway engineer was lessening in interest and opportunities was 

wrong. There must be no room for doubt about the attractiveness of the 
railway service as a permanent career. In his farewell to the railways, 
that was the message which the President would leave behind. For 
40 years he had faithfully grown up in and served the traditions of British 
railways, and at the end of his 40 years he had correctly stated in his Address 
to the Institution that the railway service must be traditional and must 
maintain its interest. That, it would be agreed, was the spirit in which a 
‘man would like to lay down a task undertaken with such success for 40 
‘years. 
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Knowing the President as he did, having worked with him, and having 
watched him go from one step of the ladder to the next until he had reached 
the Presidential Chair of the Institution, Mr Robertson knew his keen” 
interest, not only in what had gone behind but also in what lay in front of 
the Institution, and all that it meant to engineers. That would be upper- 
most in the President’s mind during the next 12 months, and so, as a Past- 
President, Mr Robertson was confident that Mr Quartermaine, as President 
of the Institution, would inspire it with that enthusiasm and keenness 
which he had shown throughout his life and work, and that the Institution 
would be the better for it. 

Mr J. A. Banks, who seconded the motion, said that he had listened 
enthralled to what had been an outstanding Address. 

The President had certainly taken to heart the words of Robert 
Stephenson quoted early in the Address, and had observed keenly and com-_ 
prehensively. No one listening to such a masterly review of Brunel’s work 
and achievements could have other than a sense of humility in thinking of 
his own limitations, and yet be inspired to emulate if not to equal Brunel’s — 
efforts. The members must indeed be grateful to Mr Quartermaine for 
having given so much food for thought. They would feel that in him 
they had a President who would inspire them by his leadership and who 
would be a worthy occupant of the Chair which had been filled by so_ 
many eminent engineers: “ij 


The motion was carried with acclamation. 


The President thanked Mr Robertson and Mr Banks for their re-_ 
marks, which he said were much too good-natured. He wished also to — 
thank all the members present for their kind reception of those remarks, 
and for their patient hearing. To the many who were there from the 
old Great Western Railway and who knew the early history of that 
railway he was deeply indebted for their silent endurance. 

The kind remarks which Mr. Robertson and Mr. Banks had made, and 
the reception which had been given to them, was something which he would — 
like to share with the members of his staff who had so readily produced 
information, photographs, and slides, and with his helpful and efficient 
secretary. 

He would be very pleased if the Address were published in the 
Proceedings of the Institution. “Ss 
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. _ MEDALS AND PREMIUMS, SESSION 1950-51 


For Papers presented for discussion at Ordinary Meetings :— 


_ (1) Coopers Hill War Memorial Medals and Prize to E. O. Measor, B.Sc.(Eng.), M.I.C.E. 
< and D. H. New, B.Sc.(Eng.), M.I.C.E., joint Authors of the Paper on ‘‘ The 
ye Design and Construction of the Royal Festival Hall, South Bank.’’ 

_ (2) ATelford Premium to Professor A. G. Pugsley, O.B.E., D.Sc. (Eng.), M.I.C.E., for 
his Paper on “‘ Concepts of Safety in Structural Engineering.” 
(3) A Telford Premium to C. M. Roberts, M.1.C.E., for his Paper on ‘“‘ Fundamental 
Economics in Hydro-Electric Design.” 


For Papers presented at Meetings of the Engineering Divisions :— 


A : ROAD ENGINEERING DIVISION 


_ (1) A Telford Premium to R. D. Duncan, B.Sc., M.I.C.E., F. H. P. Williams, M.A., 
3 A.M.I.C.E., and the late J. S. K. Dalzell, B.Sc., A.M.I.C.E., jointly for their 
Paper on “‘ A Full-Scale Experiment in Bog Blasting for Road Construction.” 
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RAILWAY ENGINEERING DIVISION 


(2) A Trevithick Premium to F. E. Campion, M.I.C.E., for his Paper on “ Part Recon- 
| struction of the Bo-Peep Tunnel at St. Leonards-on-Sea.”’ 
_ (3) A Trevithick Premium to C. W. King, M.I.C.E., for his Paper on ‘‘ Arley Tunnel : 
» Remedial Works following Subsidence.’’ 
(4) A Crampton Prize to John Graham, B.Sc., for his Paper on “‘ The Reconstruction 
of Culvert No. 146, near Ayton, after its Destruction by Flooding in 1948.” 
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STRUCTURAL AND BUILDING ENGINEERING DIVISION 


_ (5) A Telford Premium to Professor A. L. L. Baker, B.Sc.Tech., M.I.C.E., for his Paper 

4 on “ Recent Research in Reinforced Concrete, and its Application to Design.” 

_ (6) A Telford Premium to Gilbert Roberts, B.Sc.(Eng.), M.1,C.E., for his Paper on 
“‘ The Structural Design of the ‘ Dome of Discovery,’ Festival of Britain, 1951.”’ 

(7) A Trevithick Premium to G. P. Bridges for his Paper on “‘ The Design and Con- 
struction of Silos and Bunkers.”’ 
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WORKS CONSTRUCTION DIVISION 


_ (8) A Telford Premium to A. E. Reid, B.Sc., M.I.C.E., and F. W. Sully, M.I.C.E., 
E jointly for their Paper on “ The Design and Construction of the Baghdad Railway 
. and Road Bridge.”’ 


PUBLIC HEALTH ENGINEERING DIVISION 


(9) A Telford Premium to B. A. Southgate, D.Sc., Ph.D.; for his Paper on “‘ Pollution 
of Streams: Some Notes on Recent Research.” 


For Papers published in the Journal with and without written discus- 
» sion :— ; j f 
_ (1) A Telford Premium to D. F. Denny, Ph.D., B.Sc.(Eng.), for his Paper on “ Further 
{ Experiments on Wave Pressutes.”’ ; ie 
' 2) A Telford Premium to B. G. Neal, M.A., Ph.D., and P. 8S. Symonds, Ph.D., jointly 
. for their Papers on “ The Calculation of Collapse Loads for Framed Structures,’” 
“Phe Calculation of Failure Loads on Plane Frames under Arbitrary Loading 
Programmes,’’ and “ A Method for Calculating the Failure Load for a Framed 
Structure subjected to Fluctuating Loads.” 


Professor Sutton Pippard, being a Member of Council, is ineligible to 
acetve an award for his Paper on “ Stresses in a Restrained Pipe-Line,” 
and the Council have expressed to him the thanks of the Institution. 
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StuDENTS PAPERS 


For Papers read before Local Associations and the Association of — 
London Students :— 


(1) The James Prescott Joule Medal and a Miller Prize to W. P. Hunter, B.Sce., 
Stud. I.C.E., for his Paper on “‘ A Review of Current Practices in the Purifica- 
tion of Domestic Water Supplies ’’ (West of Scotland Association). 1 

(2) A Miller Prize to Arthur Marsland, B.Sc., Stud.I.C.E., for his Paper on “‘ The 
Influence of Groundwater Flow on the Stability of Civil Engineering Structures 
and Earthworks ”’ (Association of London Students). ; 

(3) A Miller Prize to J. D. Geddes, B.Sc., and T. W. Weddell, B.Sc., Studs.I.C.E., — 
jointly for their Paper on “‘ Experiments on a Model of the Port of Sunderland” — 
(Northern Counties Association). 

(4) A Miller Prize to P. W. Agnew, B.A., Stud.I.C.E., for his Paper on “‘ Telescopic 
Gangways at the New Passenger Terminal, Southampton Docks ’’ (Southern 
Association). j 

(5) A Millar Prize to Robert McEwan, B.Sc., Stud.I.C.E. for his Paper on “ Planning 
and Design Problems involved during Industrial Site Development ’’ (East of 
Scotland Association). 

(6) A Miller Prize to R. P. McCulloch, B.Se., Stud.I.C.E., for his Paper on ‘‘ The 
Construction of the Power Station Foundations at Grangemouth Oil Refinery ” 
(East of Scotland Association). .o 

(7) A Miller Prize to Peter Barnes, B.Sc., Stud.I.C.E., for his Paper on “‘ The Mecha- _ 
nism of Railway Track *’ (Midland Counties Association). 

(8) A Miller Prize to P. M. Worthington, B.Sc.(Eng.), Stud.I.C.E., for his Paper on 

_ “The Design of Economical Concrete Mixes *’ (South Wales and Monmouthshire 
Association). 

(9) A Miller Prize to M. C. Purbrick, B,Sc.(Eng.), Stud.I.C.E,, for his Paper on 
“ Blanketing and Drainage of Railway Track, with Particular Reference to Work 
carried out at Parson Street, Bristol ’’ (South Western Association). 

(10) A Miller Prize to P. H. Steel, B.Sc., Stud.I.C.E., for his Paper on “‘ The Reclama- 
tion of Land from the Sea *’ (South-Western Association). 


THE INSTITUTION MEDAL AND PREMIUM 


(Awarded annually to an undergraduate of the University of London 
for a Paper on engineering design, research, or practice) 
Awarded to John Herbert Cuckney, Stud.1.C.B. f is 
Railway Bridges e c a 11 or his Paper on “ Impact ong 


Bayuiss Prizes 


_ (Awarded annually on the results of the Associate Membership 
Examinations) 


Awarded to D. C. Musgrave (October 1950) and D. G. Llanwarne (May 1951). 
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Paper No. 5788 


fe ** Anchored Sheet-Pile Walls ”’ 


by 
Peter Walter Rowe, Ph.D., A.M.I.C.E. 


: (Ordered by the Council to be published with written discussion) + 


is SYNOPSIS 


_.. Experiments with fifteen models of flexible walls retaining cohesionless soils are 
_ described, in which the influence of surcharge, anchor level, anchor yield, dredge 
e aes a type and state, pile flexibility, and distribution of soil pressure has been 
_ studied. 
cs Agreement is reached with the experimental work of Stroyer, Browzin, and Tsche- 
- botarioff, under the same conditions of test. No vertical sand arching occurs on 
sheet-piling anchored to elastic supports. Decrease in bending moment for this case 
is due to fixity below the dredge line and to thrust between the anchor and the toe. 
_ The degree of fixity is determined by the flexibility of the pile and the relative density 
- and compressibility of the soil. All previous theories and design proposals from 
' experiments, which assume either fixed or free earth support, are correct for limited 
_ field conditions only. ; 
ie A simple chart is proposed for the design of all types of anchored pile, for use 
_ with the “ free earth support’ analysis. Reinforced-concrete piling designed tolow 
_ stresses is uneconomical in certain cases, whilst tidal conditions suggest the use of high- 
_ strength concrete or steel sections. 


INTRODUCTION 


- Att methods of anchored sheet-pile design conform with practical experi- 
ence in that a reduction on the maximum free-earth-support value of the 
_ bending moment on the sheeting is allowed. The methods used may be 
_ broadly divided into two categories. The first, illustrated in Figs 1 (a) 
and J (c), are those which assume Free Earth Support coupled with reduc- 
_tion in bending moment due to active pressure redistribution by soil- 
arching. The active and passive pressure distributions are calculated 
_ using Coulomb’s theory, and the piling is driven to such a depth that only 
part of the passive earth pressure is mobilized. In this way, the piling 
_is assumed to be freely supported by a single resultant force P» near the © 
toe, Fig. 1 (a). The maximum bending moment acting with these forces 

is reduced either by an empirical redistribution! of the active earth 


+ Correspondence on this Paper should be received at the Institution by. the 
Ist April, 1952, and will be published in Part I of the Proceedings. Contributions 
_ should be limited to about 600 words.—Szc. I.C.E. we 

1 The references are given on p. 70. 
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pressure as in Fig. J (b) or by the use of a reduction factor to be applied 
to the maximum bending moment,? (Fig. 1(c)). The second methods, 
illustrated in Figs 1 (d) and J (e), assume fixed earth support. Fig. 1 (d) 
shows the pressure distribution assumed to act on a pile driven deeper 
than that necessary for free support near the toe. The assumption is made 
that complete fixity will occur at depth d,, and the penetration depth is — 
calculated which conforms with the assumed forces.3 This analysis leads : 


Figs 1 


5 


——2 YE Es . 
(a) Free Earth Support analysis (b) Danish active pressure redistribution (c) J.P. R.N. Stroyer’s measurement 
developed from practical experience of moment reduction on a pinned 


plate due to soil arching 


' 
(d) Fixed Earth Support analysis: : (©) Prof, G. P. Tschebotarioff’s simplified 
_ complete fixity assumed below d, pile, hinged at the dredge-level 


METHODS OF SHEET-PiLE Dxsian : 
to a smaller bending moment in the sheeting than that given by the Free 
Earth Support analysis, and further reduction is usually allowed owing — 
to the possibility of arching. Fig. 1 (e) shows the modified Fixed Earth 
Support el recently proposed by G. P. Tschebotarioff,4 in which the 
maximum bending moment is assumed to be equal to that acti ile 
hinged at the dredge line. ee 

The sheet-pile structure may be divided into four types as shown in 


Table 1, depending upon the type of anch 2. Same 
struction. YP anchorage and the method of con- 
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TABLE 1.—ryPEs OF PILE STRUCTURE 
-eereeee———————— 


Anchorage | Relieving platform Elastic tie-rods 
1. Fully driven and | 3. Dredged 
Method dredged 
of 
construction | 2. Partly driven and | 4. Backfilled 
backfilled 


ee 


G. P. Tschebotarioff, who determined the pressure distribution acting 


_ on a freely embedded model-pile indirectly from the bending-moment 


4 


_ distribution, has recently shown that soil-arching only occurs with Type 1. 


a Any reduction in bending moment on piling which is anchored by elastic 


line. 


structure. 
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__ tie-rods must therefore result from the condition of fixity below the dredge 


The above methods have not taken into account the influence of the 
_pile-section or the relative soil-density on the final behaviour of the 


The models used by Tschebotarioff were arranged to simulate 


_ certain steel-piling already constructed under assumptions of fixity below 
_ the dredge line. The results, which confirmed these assumptions, apply 
_ only to the size and type of field pile studied, and do not prove that all 
sheet-pile structures should behave as if hinged at the dredge line. This 
is the source of the apparent contradiction between the above experiments 
and those of Boris 8. Browzin.5 
Tn view of the difference of opinion as to the value of indirect methods 
of measurement of soil pressures, a study of soil arching was first made 
using soil pressure-gauges. 


NOTATION 


- ¢ denotes concrete compression strength. 


penetration depth. 
relative soil density. 
Young’s Modulus. 


' void ratio. 


design stress for steel piling. 

factor of safety. 

height of pile. . 

moment of inertia of section. 
coefficient of volume compressibility. 
active earth-pressure coefficient. 
passive earth-pressure coefficient. 
maximum positive bending moment. 
bending moment. 
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P,, and P, denote active and passive earth-pressure loads. 
qs denotes surcharge pressure. 


q ,, surcharge coefficient : qs/yH P 

q _,, equivalent coefficient for uniform water pressure. 
R_,, resultant passive load. 

T ,,  tie-rod load. : 

T; ,, toe shear force. 

t ,, Teinforcement design stress. 

w ,, density of water. ; 

Ws ,, Weight of piling per square foot. 

y ,, pile deflexion. 

z ,, depth below surface. 

a , 1—D/H. 

. _ depth to anchor-level 

B ,, the ratio: ile height. 

y 5, earth density. 

Yw >, unit weight of earth submerged in water. 
) ,. coefficient of friction between pile and soil. 
€ 3,  TiTmas 
nN  » 2H. 

p ,, flexibility number H4/2£I. 

T » MM/B3, 

Tmax 5» Maximum value of z for stiff piling. 

¢  .,, coefficient of internal friction, 


EarTH-PRESSURE DISTRIBUTION : 
Description of Apparatus 5 
The apparatus is shown in Figs 2 and 3. The model-pile, which was 
7 feet long by 3 feet 6 inches high, consisted of two 8-gauge plates bolted _ 
together along the centre-line and kept at a constant distance apart by | 
wooden blocks. Forty-seven pressure-gauges® were mounted on the 
plates so that the diaphragms were flush with the outside wall, the gauges 
being between the plates. One-hundred-and-four strain-gauges were 
mounted on two vertical sections midway between the pressure-gauge 
sections, to measure the bending-moment distribution directly. Inside _ 
views of the model-pile are shown in Figs 4 and 5. : 
The shape of the reinforced-concrete bin necessary to hold the minimum __ 
volume of sand without affecting the behaviour of the model, was deter- 
mined by separate experiments. The model was anchored to the rear 
of the bin by seven tie-rods connected in series with steel strips carrying 
strain gauges. The maximum elastic extension of the complete anchorage _ 
did not exceed 0-008 inch. The tie-rods could be released individually 
at the pile. Provision was made for four levels of anchorage. The yield 
at anchor level, vertical slip of the pile, and passive slip at the toe were 
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measured by dial-gauges reading to 0-001 inch. Engineering bricks were 
_used to apply surcharge to the surface. 


Calibrations 
All the pressure gauges were calibrated six times during the course of 


the tests, by mounting a water-pressure chamber over each gauge in position 
on the pile. 


The strain gauges were calibrated by testing the complete pile, with 
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“pressure gauges attached, in bending. The deflexion of the pile was 
measured over seven sections along its length, and small variations in the 
flexural rigidity of the model owing to the presence of the pressure gauges 
were eliminated by mounting steel plates, to represent dummy gauges, on 
the inside face of the pile. The zero pressure-gauge readings were recorded 
during the strain-gauge calibrations to confirm that the flexure of the pile 
did not affect the gauge readings. | 
The tensiometers were calibrated by direct-loading tests. The mean 
weight of fifty of the engineering bricks was used to determine the sur- 
charge pressure. The properties of the sand are shown in Table 3 and . 
Figs 11, p. 40. . 
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Method of Conducting Tests , 

A phlei re of the general operations involved in each test is 
shown in Figs 6. Se; 

The pile was hung in a vertical position from supports at the side, and 
the zero readings of all the gauges were taken. The bin was filled wi ho 
sand on each side of the pile, the sand level being raised evenly by th 
aid of guide-lines painted on both sides of the pile at 3-inch intervals, 
When the tie-rod level was reached, the tie-rods were placed in position 
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and left loose. The filling was completed, the pile was released from its 
supports, and all gauge readings were taken. The tie-rods were set to be 
just tight. = | 
The sand on the outside of the pile was dredged away in stages by 

removing the steel plates at the front of the bin. All gauge readings were 
recorded at values of the dredged depth given by «=0°5, 0:6, 0-7, and 0-8. 
The dredging was either continued until complete passive slip occurred 
or it was stopped at an earlier stage and the effect of the addition of sur- 
charge or tie-rod yield studied. When surcharge was added, the effect — 
of the tie-rod yield was studied at the end of the test. “ \ae 
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Method used to Check the Accuracy of the Observed Readings 

__ The pressure distribution at each stage of dredging was used to calculate 
‘the bending-moment distribution and the mean tie-rod load. These 
“values were then compared with those measured directly. An agreement 
‘in the maximum bending moment to within 10 per cent was considered 
“Satisfactory by allowing 5 per cent on the accuracy of the separate sets 
of measurements. In general, the agreement was of the order of 5 per 
cent for both tie-rod loads and bending moments, except where high 
‘surcharge pressure and large tie-rod yield combined to induce friction at 
the sides of the bin. 


Discussion of the Result 
Sixteen tests were carried out using four values of surcharge and four 
tie-rod levels for the conditions of no yield and full yield at the anchor. 
All these tests were confined to one model-pile and one dry sand in the 
loose state. A considerable amount of information was obtained from 
these tests and it is convenient to confine the discussion at this stage to the 
“hature of the pressure distribution and the resultant bending-moment 
distribution. For this purpose, the examples shown in Figs 7 and 8 are 
typical of all the tests. The following results were obtained :— 
_ 1. When the bin had just been filled, the distribution of active pressure 
¥ was that given by the Coulomb theory with no wall-friction. 
_ 2. On dredging, with no anchor yield, the pressures increased at the 
a tie-rod level and decreased at the centre. The total active load 
given by the area under the pressure diagram decreased, and at 
values of ~<=0-6-0-8 became equal to the Coulomb value assuming 
full wall-friction, that is, taking 5=%¢. The increase in pressure 
at the tie-rod level and decrease at the centre continued until 
: passive slip occurred, provided that no yield of the anchor was 
_ allowed. Ata safe value of the dredge level, the relief of pressure 
at the centre due to arching was considerably less than that 
assumed by the Danish Society of Engineers. 
3. Outward yield of the tie-rods caused a breakdown of the arching 
- and the pressure distribution became triangular, remaining equal 
| in total area to the Coulomb value. The yield necessary to 
relieve completely the concentration at the tie-rod level varied 
‘ with the amount of surcharge and the tie-rod depth, but a maxi- 
i. mum value equal to H/1,000 was sufficient to destroy the arching 
. in every case. This amount of yield is generally less than that 
which might be considered to occur in the field using elastic tie- 
rods anchored to plates subject to settlement. For example, 
if the tie-rods are of the same order of length as the height 
of the piling, then at 8 tons per eae inch design stress, the 
; 8X 


elastic yield at the anchor is 73,000 or approximately 1600" In 
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addition, the anchor plates must settle in the ground before their 
maximum passive resistance is developed. The total yield varies 
from H/360 for a 30-foot pile with 1-inch plate settlement 
H/930 for a 70-foot pile with }-inch settlement. 


MOMENT: LB.- INCHES PER FOOT 
BENDING MOMENT DIAGRAM 


PRESSURE DIAGRAM 
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wall-friction on the passive side. 


the Coulomb-value with full wall-friction was fully mobilized. 
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The order of the wall movements at the toe, developed by dredg- 
ing, are shown in Fig. 9. 
5. During slip a considerable shear force acted between the toe of the — 
pile and the subsoil. 
6. Before yield, the maximum bending moment agreed closely with 
that calculated from Stroyer’s empirical formula. That was to be 
expected because the model behaved as if pinned at the tie-rod 
level and at a distance from the toe equal to one-third of the 
penetration depth, but it is interesting to note that the agreement 


Fig. 9 
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in some cases more than twice the value. 
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_ difference in the behaviour of two models even though they be subjected 
_to the same active pressure distribution. 
_ The difference may be resolved by the study of the influence of the 
~ flexibility of the pile on its behaviour. The apparatus and experiments 
on this subject are described in the following section. 


FLExisiniry TEsts 


__ _Inorder to study the influence of pile flexibility on the factors governing 
_ design, repeated tests over a range of flexibilities were required on models 
having the same values of tie-rod level coefficient 8 and surcharge coefficient 
 q for the condition of yield. This was achieved by varying the height, 
_ the moment of inertia, and the Young’s Modulus of the model. 

| For similarity between model and prototype, 


(7) oe (7!) Hesoe Mz fs Mz 
dz Pe ra dz prototype cates: EI te ET}, 
Zz Zz 
If = ee Goer as 
surcharge g, = qyH, and i, | A, n 

_ then, for given values of B, g, and «, 
= BiG 
a Ay? a H,? mk ; 
; H87Hn] — [H3rHy 
_ Therefore ar | = War’ | 
: ee}, a |, 
; H4 
_ that is to say, aI constant = p 


A field-pile deflexion will therefore be similar to that of a model for the same 
_ values of B, q, «, and soil properties, if the values of the flexibility numbers 
_ pare equal. 


_ Description of Apparatus 
_ The apparatus is shown in Fig. 10. The bin was 3 feet square in plan 
and 2 feet 6 inches deep. It had no floor but rested on a 12-inch bed of 
sand. The front was open over the lower portion allowing the “ passive ” 
sand to extend 3 feet from the model. 
; The height of the model tested varied from 20 inches to 36 inches. In 
the case of the 20-inch model, the length of the bin was 1-8 times the height 
of the model, whilst this ratio decreased to 1:1 for the 36-inch model. 
_ At this ratio, using surcharge, some side friction would be expected to 
occur. In order to avoid using a longer bin, the problem of reducing 
. side friction was studied experimentally. As a result, the wooden sides of 
the bin were partly replaced by sheets of steel so that these sheets were 
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adjacent to the volume of the retained soil within the slip surface. Th 
sheets were vibrated using a small electro-magnet at high frequency, 
with small-amplitude vibrations. This was found to destroy the sid 
friction by creating a highly localized state of flux adjacent to the bin 
wall. Measurement of the height of the sand in the bin before and after 
vibration showed that the compaction due to the vibration only occurrec¢ 
to a small degree immediately adjacent to the sides of the bin. Detai 
of the model-piles used are given in Table 2. i 
The model scales and plate sizes were chosen to space the flexibilit 
number p at regular intervals on a logarithmic scale. Provision was madi 


Position of steel side 
panels vibrated by [f° . 
__ small electro-magnet ‘, 


"<sFront wall open ee, 
+ -over lower half 


a = ee 
) ee 
‘ u 
Bin supports at " 
thecorners =} 
i 


APPARATUS FOR FLEXIBILITY TESTS 


for attaching the tie-rods at depths below the surface consistent with 
values of 8 equal to 0, 0-1, 0-2, and 0-3, at all the model-scales. | 

Surcharge was applied by placing a thin wooden frame on the soi | 
surface and filling inside with the soil, The surcharge was always pro-— 
portional to the scale according to the relation g, = qyH. Details of all 
soils used are given in Table 3 and Figs 11. . 


Method of Conducting Tests ; | 
' The tests were confined to the case of tie-rod yield. For this case, no 
ee exists between the “ driven and dredged ” and the “ backfilled ’ 
pue, oF | 
The bin was filled evenly on both sides of the model until three-quarters 


readings were taken. The tie-rods were set, the filling completed at a 
rear, and the soil dredged on the outside to the first value ane he 
strain gauge which was likely to be recording the maximum bending moment 
was then switched in, and the galvanometer was allowed time to steady. 
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TABLE 2.—DETAILS OF MODEL-PILES 


as Material Plate gauge: | Height: | Loo H4/F 
3 , 8.W.G. inches mat aa 
Steel 10 30 —3-22 Preliminary tests to 
#__——____|______| determine shape of 
18 20 —2-72 the R.C. bin. 
5 s Double wall 
E 8 42 —3-32 Pressure tests. 
e = 8 36 —3:-18 
eZ 32 —3-38 
30 —3-49 
28 —3-61 
a 26 —3-74 
2 a 12 36 —2-52 
31-5 —2-74 
= 27-5 —2-98 Flexibility tests. 
Pa: 24 —3-22 
2g 21 —3-45 
ie s,s 
Js Duralumin 14 29 —2-07 
26 —2-26 
23 —2-48 
20 —2-72 


The strain gauges on the models used for the flexibility tests were spaced 
at 24-inch intervals on two sections on both sides of each model, 


TABLE 3.—SOIL PROPERTIES 


. "Soil tee ad thoes Void ratio i, Relative 
Sand .-. . a Re ul. ego ol i ek ae 
4 Dorset Pea Gravel 30 0:74 
_ Whinstone Chips . 39 1-06 
. ee 40 1-76 
3 BONG Py cw) 6 +8 41 0:53 
“Dorset Pea Gravel 0-49 
| Whinstone Chips . 0-74. 
$ i, 0-95 
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Figs 11 
(a) 


Tr 
Ber al 
CUCL CA 
Ty a 
eee alli 


SIEVE 


PERCENTAGE PASSING 
» 
Ss 


Dense Loose (@) 
— a 
Aah _¥Y 
x 
Gut< Gus 


iF 


Zeeee= 
(aEeace 
=] 


Yorr 


) Ae 
+00 


ee 
Wey | 


4 


PRESSURE, p: LB. PER SQUARE INCH 


0-06 


STRAIN: 3 L/L 
CONFINED. COMPRESSION CURVES 
Deraits or Sorts vsep In Trsts 


The anchorage was then released. While vertical sand-arching was sing 
destroyed, the bending moment increased. However, too much yield 
‘eventually caused a decrease, owing to cantilever action from the dredge 
level. Accordingly, the anchorage was released carefully until the gal- 
aac cacy wre deflexion. The increment of yield ae 

alter each stage of dredging was im 2.4 iving a 
total yield of 1/800 at the end of cn pea sags mgr — | 
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___ The sides were next vibrated and the galvanometer reading increased 
_ to a further amount varying from ( to 10 per cent according to the type of 
test. All gauge readings were then recorded and the dredging was 
continued. ara 

___ Tests with soil in the dense state were made by compacting the soil in 
_ l-inch layers on either side of the pile with a high-frequency hand 
_ vibrator. 

_ Range of Tests 

Tests were made using ten values of pile flexibility with four values 
of tie-rod level and three values of surcharge. The above tests were 
_ repeated for four types of soil in the loose and dense states. 


~, 


GZ Discussion OF THE Resutts. BrnpiInc MoMENTS 

~ Loose Soil 

__ Four examples of tests with loose sand are shown in Figs 12 where the 
_ maximum positive bending moments per unit model-height 7 are plotted 
_ against the flexibility numbers log p for three values of the dredge level in 
~ each case. These results are replotted in Figs 13, the maximum moments 
~ being recorded as a percentage of the maximum value for a stiff pile, 
_ having log p< — 35. 

_ The graphs in Figs 13 show that points obtained from tests with varying 
values of f and q lie, for practical purposes, on a mean curve at each value 
ofa. The mean curves at values of c=0-6—0:8 are plotted in Fig. 13 (d) 
and these show only a small variation with dredge level. The majority of 
' structures have been designed with penetration depth corresponding to 
_ values of « between 0-65 and 0-75, so that the mean result for « equal to 
0-7 may be taken as representative for all the tests with loose sand. 

| The graphs obtained for the other soils in the loose state showed similar 
mean curves for all values of 8 and g. The mean curves for ~=0-7 are 
shown in Fig. 14. The curves are identical for three of the soils used 
having widely varying characteristics, and a mean curve has therefore 
been drawn. These curves show that the percentage decrease in bending 
moment on sheet-piling subject to tie-rod yield is mainly a function of 
“pile flexibility and soil relative-density and is independent of the values of 
—B,q, ¢, and y. 

_ he reason for the decrease of bending moment is shown diagram- 
“matically in Fig. 15 (d). A1B represents a stiff pile in loose sand having 
log p less than —3-5. The deflexion at the dredge line is very small and 
of the same order as small movements at the toe. This results in an ap- | 
_ proximately horizontal movement of the sheeting below the dredge level 
into the soil. This is consistent with the’development of the triangular 
‘type of pressure distribution observed in the first experiments and 
the resultant passive force acts at a point one-third of the dredged 
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Figs 12 (a) 
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Figs 12 (b) ” 
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Figs 13 (a), (b), and (c) 
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depth above the toe. If the pile is replaced with one of greater flexibility 
it would normally tend to deflect further to A2B. This involves an 
additional rotational movement about B into the passive soil and this 
“movement is consistent with a passive pressure distribution which is a 
complex function of depth and deflexion, and the soil-density. Direct 
“Measurement of the pressure distribution resulting from a stiff plate 
rotating into the soil, by means of the pressure gauges, gave distributions 
as shown in Figs 15 (a) and (b). The centre of pressure of the resultant 
distribution, being higher than B, Figs 15 (d), causes the point of zero 
bending moment on the pile to rise to C, and the pile to deflect to A3C. 
| By replacing this pile with another of higher flexibility, further deflexion 
_ by rotation will occur at first about C, which, in turn, raises the centre of 
pressure of the passive pressure diagram to D. The direct measurements 
of pressure showed that very high passive pressures can be sustained 
“near the dredge line. The maximum height reached by the point of zero 
bending moment for the case of the highest flexibility used, conformed to 
that calculated by the Fixed Earth Support method, in the case of loose 
sand. 
ig Since the bending moment varies as the cube of the span, a large 
_ decrease in bending moment occurs with a small rise in the point of the 
resultant passive pressure. To a certain extent, this has meant that the 
lighter the section used, the smaller the bending moment it has had to 
-withstand. This factor, which has nothing whatever to do with arching 
on the active pressure side of the wall, has been the main cause of the 
_ reduced deflexion and the stability of walls anchored to elastic supports. 
a In addition, there is a secondary source of moment reduction. It will 
_ be seen from Fig. 13 (d) that the minimum recorded bending moments are 
* less than those calculated, assuming that the point of zero bending moment 
“had reached the dredge level. This leads to another source of bending 
- moment decrease. In Fig. 15 (e), the flexible pile in deflecting, changes 
' shape from AaB to AbB, and requires that the ends A and B move to- 
- together. This is negligible in the case of the stiff piling but not so with 
_ the flexible piling. The free movements of the ends are resisted by shear 
force F balanced by the bearing pressure of the tie-rods on the retained 
soil. This causes a further reduction in moment approximately equal to 
Fx ab. Measurements showed that the necessary decrease in span AB 
exceeded the settlement of the tie-rods in the case of the flexible models 
and that the maximum possible value of the shear force F was sufficient 
to cause the further decrease in moment. 
4 This cannot apply to the particular case where the pile is backfilled 
and B=q=0. The results for this case gave higher minimum bending 
- moments for the flexible pile, which were close to the Fixed Earth Support 
_yalue. With deep tie-rods, passive pressure above the ties may occur 
with flexible piling even with tie-rod yield. These factors influence to a 
‘small degree the position of the points in Figs 12. . 
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Figs 16 (b) 
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Soil Compacted below the Dredge Line 

The curves corresponding to Fig. 13 (d) for loose sand are drawn in 
Fig. 13 (e) for sand compacted to its maximum density. The mean cw 
at «=0-7 has been taken as representative for all the tests and this is 
plotted in Fig. 14 together with the equivalent curves for the other soils. 
A difference occurs between the mean curves for the different soils, but 
this may be due to small inaccuracies in the measurement of the angle 
of friction of the compacted soil. A mean curve has therefore been 
drawn which is similar in form to that of the loose soils. In addition to 
the main reasons for the moment decrease given for loose soils, two further 
factors affect the shape of the curve. It is seen from Fig. 15 (6) that the 
centre of passive pressure acting on a stiff plate rotating into the dense soil 
about a point below the surface, is higher than that for loose soil, and the 
corresponding angular wall movements are smaller. Consequently, when 
the decrease in moment begins, a much smaller decrease in stiffness, or: 
rotation, is necessary to complete the full reduction from this cause. . 
While the point of zero bending moment is rapidly raised above the 
dredge line at quite low values of p, the maximum moment on the sheeting 
does not fall more rapidly than for the loose soil as might otherwise be 
expected. This is partly due to the lack of end-thrust at this stage and | 
_ partly due to a decrease in wall-friction. The decrease in wall-friction \ 

occurs since stiff walls rigidly embedded in dense soil do not bend or move } 
away from the soil sufficiently for its development. 

The exact location of the moment-reduction/flexibility curve for th 
dense soils for flexibilities given by log p<—3°5 is influenced by the degr 
of tie-rod yield. With no yield, moments due to earth pressures at res 
_ were recorded. With yield, the moment decrease was continuous owing ' 
to reduction in active pressure and cantilever action of the piling. All the 
moments recorded were maximum values. For the bulk of the tests, on . 
loose soils, and dense soils with pile flexibility given by log p>—3-5, 
these values occurred after tie-rod yield, equal to H/1,000, had destroyed © 
arching. For the few tests with dense soils and log p<—3-5, the pile 
deflexions were so small that no arching was présent, and the maximum 
moments occurred with yield <H/1,000. For these reasons, the curves | 
in Fig. 13 (e) for the dense soils have been extrapolated from ¢=70-per- 
cent to the 100-per-cent line. It will be seen later that this portion of 
the curves lies well outside the region of practical design. 

Typical moment distributions are shown in Figs 16. 


Retained Soil Compacted to the Surface 
The percentage moment/flexibility curves are the same as for soil 
compacted to the dredge level, as the reduction is governed by the soil 
condition below the dredge level and is independent of the total active 
moment. However, when a pile having a flexibility in excess of the value 
log p=—2-5 is used, the deflexion of the piling is sufficient to loosen the 
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soil above the dredge line. This causes the bending moment to increase, 
as shown i in broken line in Fig. 14. 


Critical Flexibility 
_ The value of p at which the bending moment commences to fall below 
the Free Earth value, will be called the critical flexibility Pe. It is reached 
when the deflexion at the dredge line equals the deflexion at the toe, so 
that the value of Pe Should be related to the coefficient of volume com- 
‘pressibility for the soil. Confined compression tests were made on the 
Soils using pressures within the range likely to occur in practice, as shown 


4. 


Fig. 17 
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FLEXIBILITY OF PIE 


LOG K 


in Fig. 11 (b). The initial slope of the curves has been used to calculate 
a mean coefficient of volume compressibility K for the soils in the dense 
state, the sand and gravels in the loose state, and the ashes. The values 
of p, and K have been plotted on a logarithmic base in Fig. 17, where it 
is seen that within the limits of the range of the experiments, p- is approx- 
imately proportional to K. Since the passive pressures on the prototype 
exceed those on the model, the effective compressibility coefficient will 
be less and the value of Pe smaller in the field than in the laboratory. 
This provides a small margin of safety. 
- Where the subsoil consists of clean sand or gravel, a measurement of 
the relative density will enable the value of p, to be estimated and the 
ment/ flexibility curve to be obtained by interpolation. A high per- 
Bcge of mica in the sand or organic matter may increase the com- . 
pressibility and, in this event, wee een tests should be made. 
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Effect of Tie-Rod Yield on the Maximum Negative Bending Moments 

Tie-rod yield causes an increase in the maximum negative momen 
below the dredge line. The yield necessary to cause the moment to exceed 
the values given in Fig. 14 for the positive moment, is shown in Fig. 18! 
It will be shown later that for soil in the dense state, a value of log p less 
than —3-0 is not likely to be used. For the range of yield likely to occur 
in practice, the maximum negative moment will therefore be less than th 
maximum positive moment. In the case of loose soils, the question of 
tie-rod yield does not arise, since movements at the tie, much larger the 
those likely to occur in practice, are necessary before cantilever action 
operates. . 


Fig. 18 


Probable range of 
\ yield in the field 


Trr-Rop YIELD NECESSARY BEFORE NEGATIVE MomEnt Exorrps Maximum Posir 
Moment 


Effect of Vibrations 

Tests were carried out in which the sides of the bin were subject to 
low-frequency high-amplitude vibrations at each stage of dredging until — 
the gauge readings reached a maximum value. ; 

The percentage-bending-moment/flexibility curves were similar to Fig. 1 
provided that the value of tmaz was calculated corresponding to active | 
pressure with no wall-friction. The same result was obtained by allowir 
an outward yield of the sides of the bin. These tests confirmed the findii 
that the form of the percentage-bending-moment/flexibility curves was 
approximately independent of the value of the total moment acting on the 
pile. Where piling is likely to be subject to heavy vibrations, no wall 
friction should be assumed in design. 


Effect of Water , qi 
Water in the Soil may cause an increase or a decrease in the bending 
moment, depending on the levels of the water on each side of the pile. 
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_ Stationary or slowly flowing water will not change the relative density or 
_ compressibility of the soil. Since the shape and position of the moment/ 
_ flexibility curves are independent of the value of the maximum moment 
~ on the pile, the curves may be used to calculate the acting bending moment, 
provided that the maximum Free Earth Support value 7» is calculated to 
“include the water-pressure. The results of tests made by Tschebotarioff 
_ with water present on both sides of the pile, have been plotted in Fig. 14 
_ as a percentage of the Free Earth value for the particular test. The results 
lie close to the general curves. 


Be tiiuence of the Material of Construction and Shape of Section on the 
& Behaviour of Field Piling 

; The flexibility of a field pile designed to withstand a particular bend- 
_ ing moment at a certain stress, will depend upon the material of construc- 
_ tion and the shape of the section. The simplest case is that of wood- 
_ piling of rectangular shape and uniform material. 


1. Wood-piling.— 
M = 2f x 34/I? lb-inch per foot. 
ee M 
a If P= Fp 7 = Be 
- 2f 
: then T 3/7 (Ep? 
: _ Hand f are in lb. per square inch, J in inches‘ per foot, H in feet, and 


_ M in lb.-inches per foot. 

Taking ZH = 1-5 x 10 lb. per square inch and f = 2,000 lb. per square 
- inch, 

0-30 

34/ Hp? 

: As an example, the relation between the flexibility number p of a 
_ wood pile of height H = 20 feet, and the moment 7 it can withstand is 
_ plotted in Figs 19 and denoted by the term “Structural Curve.” In 
~ order to determine the pile section, the relation between the flexibility 
and the maximum bending moment operating on the structure must now 
be plotted on the same diagram. The maximum Free Earth Support 
_ bending moment is calculated, divided by the cube of the pile height, and 
a horizontal line is drawn on the diagram corresponding to this value tm. 
_ The critical flexibility p, and moment reduction curve are interpolated 
from Fig. 14 for the particular relative density of the subsoil, and are — 
_ used to plot the “ Operating Curve.” The flexibility number correspond- 
| ing to the intersection of the two curves gives the pile section at which the 
acting bending moment is equal to the maximum that the section is 
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designed to withstand. The pile height H being known, the sectio: 

modulus is determined. 
2. Steel-piling.—The relation between I and y in this case depe 

upon the shape of section produced. | 
Empirical relations have been obtained from data supplied by the 


Figs 19 


Pile section is given by log p =~ 2°32 


p= # = = 22-4 in/ft 


476. ,—- 2019 
10° +! = 15x 10% 476 
Thickness =?/22-4 = 2°82” 

Stress on any section, log p = z, is #x 2,000 Ib./sq. in. 


LOG p 


MoMENT/FLEXIBILITY CuRvEs 


respective firms, and the following 7/p relations obtained for f=8 tons pe: 
square inch. 
8-15 by 
0-562 
tess H0-54 0-615 . 
0-638 
yrs H0-54p0-015 , 
3. Reinforced concrete——The values of M and EI may be calculated — 


from theory for a series of sections. Assuming equal areas of tension 
steel and compression steel, 1} inch cover to centre of steel, and the 


Dorman Long and Frodingham, 7 = 
Larssen, 


U.8.8. Carnegie-Illinois, 


* Not applicable to box-piles, 
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experimental value of EJ to be 1-26 times the theoretical value,’ the 
following relations are obtained :— 


- For design stresses, ¢ = 750 Ib. per square inch 
and ¢= 18,000 lb. ,, ,, ~ ,, 
0-053 
— H0-2p0-70 
For design stresses, c = 1,250 lb. per square inch 
i= 22,400 lb. ” ” ”? 
aS 0-062 
S pa H{0-1290-72 


_ The structural curves corresponding to the above T/ p relation for wood, 
_steel, and concrete piling, respectively, are plotted in Figs 20 for three 
values of H in each case. On the same diagram are plotted the operating 

_ curves corresponding to a number of conditions of tie-rod level, surcharge, 
and water-level, determined in each case from the maximum Free Earth 
_ Support moment 7, and the reduction curves in Fig. 14. All the operat- 

_ ing curves are for loose sand. 

ia _It is seen that structural curves for the concrete sections designed to 
_ withstand a maximum concrete stress equal to 750 lb. per square inch, 

_ cut the operating curves below the critical flexibility, so that for this soil, 

= these structures operate after the manner of Free Earth Support. Wood- 
_ piling, in general, operates after Fixed Earth Support. Steel-piling and 

- concrete which is designed to higher stresses take an intermediate position. 
_ The degree of fixity of the optimum pile section depends, however, on the 

- values of 8 and gq, on the presence of water, on the height of the piling, and 

on the exact shape of the section, as well as on the structural material and 

_ soil condition. 

_ A more general picture is shown in Figs 21 where mean structural 

curves for steel and concrete are drawn, and the influence of soil relative 

density is illustrated by the operating curves for extreme and intermediate 
field conditions. This diagram shows that for the type of structure shown 
in (B), Figs 21, with subsoil of average relative density, the optimum design 
eads to an operating bending moment on steel and high-strength-concrete 
_ sections of 44 per cent of the maximum Free Earth value. Sucha structure 
built in low-strength concrete should be designed to withstand 82 per 
sent of the same maximum moment. - For the extreme conditions of loose 
soil and water which may recede to the dredge level, both types of piling 
hould be designed to withstand the full Free Earth moment, whilst for 
dense soil and water level with the coping and low tie-rods, even the low- 
strength-concrete section may be designed at complete fixity. 
i The diagram also shows the position of Tschebotarioff’s experiments 
z ane general Tange of possible conditions. His models simulated type 
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Figs 20 
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(B) and were made of steel. His design procedure gave an operating 
bending moment just under one-half of the Free Earth Support value, — 
and the exact values for the four conditions taken in Figs 21 have been 
calculated and plotted to form the line PT. Exact agreement is seen 
between Tschebotarioff’s value and the present proposals for the particular — 
case investigated. However, for the extreme condition of a reinforced- 
concrete pile designed to 750-lb.-per-square-inch concrete stress, driven 
in loose soil, and with no water external to the piling, the bending moment. 
calculated by Tschebotarioff would be given by point T, that is to say, 
7=T1. At this value, the design flexibility in low-strength concrete 
would be given approximately by log p=—3-5. With this section, the 
actual operating moment would be given by r=16-8, that is to say, more 
than twice the design value. ; 
The graphs, Figs 20 and 21, show that conditions of Free Earth Support — 
or Fixed Earth Support cannot be assumed to act irrespective of tie-rod — 
level, surcharge value, soil properties, and structural material. In addi- 
tion, it is of interest to recall that the Danish Rules were formed for concrete 
piling from the observation of the stability of wooden piling.8 The graphs 
show how this procedure has led to higher stresses in the concrete and 
reinforcements than had been supposed. 1 


Tie-Rod Loads 
The load varies from the Free Earth Support value as follows :— 


1. Decrease with increase in flexibility due to decrease in effective span. 
The curves are shown in Figs 22 (a). : 

2. Decrease with tie-rod yield with dense soils. The curves in Fig. 22 (b) 
show that this may generally be neglected. 

3. Increase due to differential yield of the tie-rods. The load on any — 
one tie-rod may be increased by 50 per cent of the mean load due 
to a settlement at the anchor plate of the adjacent rod by an 
amount equal to the natural deflexion of the waling. In the 
larger-model experiments, the increase ranged from 20 to 50 
per cent, even though great care was taken in setting up. 


4. Increase due to surcharge load transmitted directly to the tie-rods 
with soil settlement. 


Assuming that provision is made to prevent the occurrence of (4), _ 
the maximum values-of tie-rod load operate when differential yield acts 
with a concrete pile designed to low stresses. It has been seen that the 
economical design in most cases will lead to the use of a section of higher 
flexibility so that tie-rod load due to (1) and (3) above will not be likely 


to exceed the Free Earth value, 
Depth of Penetration ; 
This must be sufficient to prevent both passive failure and movements 


~ * 
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at the toe large enough to cause settlement of the nofaried soil. In addi- 
_ tion, it has been customary to drive i a to ensure “ fixity ” support 
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in accordance with the assumption that complete fixity occurs at a certain | 
depth below the dredge line, independent of the pile section and soil state. 
_ Driving deeper does tend to increase fixity conditions, but if the soil is 
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loose and the section stiff, a very considerable increase in the length of the _ 
pile is necessary to produce complete fixity. On the other hand, if the 
soil is dense, and the section: flexible, fixity will exist at very low valu 
of the dredge level and nothing could be gained by deep driving. 
Diagrams of the stages leading to complete failure for stiff and flexible 
piling are given in Figs 23, and are based on direct measurements. These 
show the following results :— 


1. Both stiff and flexible piling is in a state of Free Earth Support at 
the instant of failure. 

2. A considerable shear force acts at the toe of the pile at this stage, 
owing principally to the vertical component of the active pressure. 

3. During dredging, movements at the toe of stiff piling in loose soil 
became appreciable only after the Coulomb passive-pressure — 
distribution with no wall friction had been fully mobilized. No 
forward movements at the toe occurred with stiff piling in dense 
soil or flexible piling in loose soil until very low values of the — 
dredge level were reached. 

4. For stiff piling, dredged to levels consistent with safe design in the — 
past, the Coulomb (8=0) passive-pressure distribution is partly _ 
mobilized as assumed by Krey. The resultant of this pressure — 
and the toe shear force acts approximately at $D from the toe. 


In view of (1) all piling will have the same ultimate factor of safety _ 
if driven to adequate depth on the assumption of Free Earth Support. 
The curves in Figs 23 have been calculated using a factor of safety equal _ 
to 1:5 on the Coulomb (8=0) passive load, with the inclusion of the shear _ 
force at the toe. This gives a total factor of safety of approximately 3 __ 
amet complete slip, owing to the fact that full wall-friction is mobilized 
at failure. 


Maximum Outward Deflexion due to Bending 
The deflexion of a simply supported beam subject to triangular loading 
is given by :— : 


(gH) 


day = £5Hp, where £H is the free span. 

The maximum moment Mc (€H)3 
that is to say, roc g3 
For steel-piling TO Horo 

d 1 

ant blB 4 wiacey tae . 
Therefore, AS” 3poc Homptie = HOR pois 

d 1 


or approximately, Fins mp oe ey 
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That is to say, the deflexion decreases slightly with increase in flexibility. 
Further, the point of zero bending moment will move outward with 
flexibility increase, and these two factors combine to cause a slight increase ~ 
in deflexion with flexibility. The larger flexibilities, however, only occur in 
design where the soil conditions are favourable and lower tie-rod positions 
are used. For these reasons, the maximum deflexions will occur with — 
piling of intermediate stiffness. : { 
The mean structural curve for steel at 8 tons per square inch stress, — 
was used to calculate the maximum deflexions of field piles. The bending-— 
moment distribution corresponding to the point of intersection of the 7 
operating and structural curve for each series of tests was integrated. The 
maximum deflexion due to bending so obtained was approximately - 
0-004H for B=0-1 and D,=0-5, and did not exceed 0-006H for B=0 and — 
D,=0:; , ; 


: 

{ 
Bulkheads Anchored to Non-yielding Platforms 
All the tests made with non-yielding anchors with stiff piling, showed 
close agreement with Stroyer’s results in the value of the bending moment. 
This relief in bending moment is in addition to that due to flexure, so that 
Stroyer’s reduction factor may be applied to the value of 7» before drawing — 


the z/log p curve for design. The reduction factor is st where Kg is 
» : ~~ &¢@ 
the Coulomb active-pressure coefficient with no wall-friction. 

_ The concentration of pressure at the tie-rod level caused an increase _ 
in the tie-rod load which increased with tie-rod depth. For the type of 
structure under consideration, B=q=0, and the load increase in this case _ 
__ was of the order of 10 per cent. No increase due to differential yield can 
occur. 

The decrease in overturning moment with soil-arching was calculated _ 
to allow a reduction in the pile-length by approximately 3 per cent. \ 


Examples of Design Method and Comparison with Fixed Earth Support 
Analysis . 
A graphical analysis of a structure is given in Figs 24. 
_ The lateral active pressures are calculated taking full wall-friction, 


‘ 1 
and the passive pressures are taken as i times the value with no wall- 


friction. It is clear that the penetration will exceed 13 feet, and the length 
of the piling below this is unknown and denoted by x. The resultant pres- 

sure diagram is divided into a number of small areas and the point loads 
equivalent to each area are calculated. The value of the toe shear force is 
determined in terms of the unknown 2; and the value of z—and hence the 
sheeting height H—is found by taking moments of all forces about the 
anchor-level. For the reasons already given, the moment of the toe shear 
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‘3 _ ANALYTICAL Mernop SvuiraBie For Unirorm Sor (SEE Figs 25) 


ir cimations 
4 (1) Pressure area abc added to water pressure. 
2 _ (2) Resultant of Py and 7’; assumed to act at $ penetration depth from toe. 


o Be cnctration Depth 


XK, 
ae Pg = —avellt Ps = qKaywH* ; Py = q'KaywH?; q = oot? Y =r 
if i Yw Ywa 
g Pom a - «) 2H? 
23 ee 
< T= Gp (Pa + Ps — Pp) tand + W;H]; R= Py+Ts 


4 - Taking moments about the tie-rod level 


2 Pa(% — p)H + (Pw + Ps)[t — B]H = it rt ¢ 3 |# 


Substituting for Pg, Py, Ps, R, Pp and 7's, and dividing by Kay H? 
: 2 _— — 2 $ 2 
—6HR- A+ (94+ 9) -— f= eae At a) Fol __ tan 


3Gp 2 Ka Gp 
Ws tan 6 
a ++ Hts + FO]... a) 
. Assume value of x = 0-75 for this example at this ies 
re ge do" fi pre: est nee ai = Pe A ake 
«Wz, = 24 1b./ft.2; tan 8 = 0-43; Gp = ie 


Equation (1) gives « = 0-72; hence H = 62-5’; B = 0-192; ¢’ = 0/197 
“Tie-rod Load 


r Taking moments about the point of action of force R 
4 2 KaywHl® es ae (ee 
e. 2[5"- pla = momen | 5] + + 1) Karwtt*(5 - “S*) 
d (Z,)- keeps 0 2a) ie 
5d H2 2 2 qe jis 3B ee Cer ea eee 
Ts ppl 228 x 62-5? a F 
a 7h = 4-28 Ib. /ft. ; T= eao4n = 7-5 tons/ft. 
Bending Moment 
At depth 7H below the surface B < 7 <« 
——_ EE Fat — b) — Kattocgs + 3n%(q + 0)| X12 Th. inf. +.) 


. Ge) 
Max. value 7m occurs at 7 when_\7*/ — 9 


A AY soba Aiko tN ; 
i= /a+or+ z-(m) (q+) 
7= 0574; t7m=80 
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force is calculated as if it acted at the centre of pressure of the passivi 
earth-pressure diagram. 

The maximum bending moment resulting from the system of force 
may then be determined graphically in the normal way. The value 
obtained (117 tons-feet) is converted to lb.-inch-per-foot units and divided | 
by the cube of the height (in feet) of the sheeting. The result is the val 


224 12 ; 
of ta 55 =e Ibsinchytt). 
623 
The moment operating curve is drawn by applying the percentage- - 
reduction values from Fig. 14, interpolated for D,—0-7 and this is shown h 
in Fig. 24(b). The structural curve for a 62-foot reinforced-concrete or ' 
7 
steel pile is added and the intersection point gives the value of p= a 


for the section and hence the value of EFI. : 
The Free Earth Support tie-rod load may be reduced by a factor 0-7 | 
from Figs 22, but should be increased by a factor of 1-25 to allow for differ- - 
ential yield. . | 
A second example is given in Figs 25 where the soil, water-level, anchor- - 
level, and surcharge conditions result in a lower value of tm. The uniform . 
soil is taken to illustrate the direct calculation of the Free Earth values. _ 
The moment/flexibility curves for three existing structures are given in 
Figs 26. 
The proposed design procedure will generally lead to economy com> 
pared with the use of the Free Earth Support method coupled with Stroyer 
reduction factor, or with the Fixed Earth Support analysis with no allow- 
ance due to arching. However, it is of interest to compare the design 
_ quantities in the first two examples with the Fixed Earth Support analysis 
coupled with either one-half of Stroyer’s reduction or a general 25-per-cent 
reduction. For these first two examples, full wall-friction was allowed o 
the active-pressure side and one-half full friction on the passive side, in 
the construction of the Fixed Earth Support diagram. The penetration 
depth determined was multiplied by a factor of 1-2, and the tie-rod load 
by 1:1. For examples 39 and 4,10 the values taken are those given by 
the original designers. All values are shown in Table 4. . 
The comparison shows that the Fixed Earth Support analysis coupled. 
with a further reduction factor has estimated the optimum pile sectior 
very closely, but that this method may have led to the use of larger pene 
tration depths than are really necessary to maintain fixity. The com. 
parisons depend however on the relative density of the soil, which has not 
been previously measured. In general, the proposed method gives a 
conservative value for the pile section where the soil and surcharge con- 
ditions are unfavourable, that is to say, when tm approaches a value of 
16, while economy results for favourable conditions where Tm approaches 8. 
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TABLE 4 


Penetra- | Max. mom. | Tje-rod 
Example| Method* | tion: per unit | load : Remarks 
feet height: | tons/ft. 
lb. in./ft.* 


FP 17 75 8-0 Unfavourable condition 


n 
_ bending due to loose sand — 

rE F-48 24 71 78 at centre of piling, sur- 
charge and water pressure, 

F-R 6-8 New method gives conser- 


vative moment and tie load, 
Good subsoil—less penetra- — 


E 17-5 2-7 Good condition. 
value of ¢, all soil at re 

2 F-48 21 3-6 duced density in water, no 

F-R 

zB 22-5 

O.D. 22-5 
3 F-4S 

F-R Ex. 4 has no surcharge 


¢=35° but soil only par- 
tially submerged. 36 


ods where only half are! 
reduction was used. 


P 8-5 10 Tidal conditions. 
5. higher - strength - concrete 
F,-S 8-5 8-5 or steel section may leac 
to economy. 
* Methods. 


P denotes proposed method. - 
F-}S_,, Fixed Earth Support reduced by } Stroyer’s factor. (5= §¢ active, 


5=4¢ passive.) 
F-R ,, Fixed Earth Support reduced by 25 per cent. 


O.D. ,, original age values. 
F,-S _,, Free Earth Support reduced by full value of Stroyer’s factor. 


Example No. 5 1 is of a reinforced-concrete pile previously designed 
to low stresses, using Free Earth Support analysis 5=0 and Stroyer’s 
reduction value. It is seen that the section would be overstressed by 
37 per cent and that by designing to the higher concrete stress by the new 
method, a 30-per-cent saving in weight of concrete is obtained. In 
addition, the use of higher-strength-steel piling may prove economic al 
for cases of this type where the water may recede to the dredge level. 


< 
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MIR 


_ Factor of Safety in Bending 
____ The use of a stress exceeding 8 tons per square inch for steel piling will 
generally allow further moment reduction and consequently larger economy 
a in material than would occur with a structure subject to a constant moment. 
In addition, if the yield point were reached, the steel could only elongate 
~ at the point of maximum stress if the pile rotated further into the subsoil,’ 
and this would generally lead to a further decrease in moment. Larger 
_ deflexions would occur but the structure would remain in stable equilib- 
-rium. For these reasons, the use of steel stresses of 10 to 12 tons per square 
_ inch is worthy of consideration where a thorough survey of the subsoil 
_ has been made and the maximum n surcharge and water-pressures can be 
" estimated accurately. 


SuMMARY 


3 While the experimental results showed agreement with the work of 
_ Stroyer, Browzin, and Tschebotarioff, for the same model conditions, the 
_ maximum bending moment was found to depend upon the flexibility of 
the piling and the relative density and compressibility of the soil below 
the dredge level. 
It is proposed that the Free Earth Support analysis be used as a basis 
_ for design, taking the following forces, 


1, Active earth pressure: Coulomb value, 5 = 3¢. 

~ : 1 

2. Passive earth pressure : is * Coulomb value § = 0. 
3. A shear force at the toe of the pile. 


The maximum bending moment tm may then be used to draw the 

4 Bsoment/flaxibility curve from the data in Fig. 14. Stroyer’s reduction 
factor may be applied to the value of 7» for driven and dredged piling 

, _ subject to no anchor yield. 

i The anchor load is decreased on flexible piling and is increased by 

_ differential yield or by pressure concentration at the anchor level. The 

- resultant load is generally close to the Free Earth Support value. 
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SYNOPSIS 


The Paper describes tests to collapse on rectangular welded portal frames sub- 
_ jected to vertical and horizontal loads. In each case the portal was made up of 8-inch- 
_ by-4-inch joist sections throughout and had a span of 16 feet and a height of 8 feet. 
The portals were tested in pairs at 12-foot spacing. 

Strain measurements were made at 150 positions in the elastic range and deflexions 
were measured throughout. 

The first two portals tested had pinned bases. Each was subjected to a central 
vertical load V and a horizontal load H, of the same magnitude, at beam-level. These 
- portals collapsed when V = H = 5-75 tons which was in close agreement with the 
collapse load, 5-65 tons, calculated according to the simple plastic theory. 

The next two portals had fixed bases, a single welding run with a No. 8 gauge 
electrode being made around the profile of the joist section at each base, with two 
extra runs added on the outside of each flange. The horizontal Joad applied was 
__ twice the vertical, and the calculated collapse load was H = 2V = 11-3 tons. Though 

_ large permanent deflexions were produced at this load, collapse did not occur and 
the portals supported the full available load, H = 2V = 13-11 tons, for 3 days without 
collapsing completely. 

The last two portals were exactly the same as the previous set except that the 
extra two runs of welding were not made on the outside of the flanges at the bases of 
the stanchions. These portals supported more than the calculated load but collapse 
occurred owing to failure of the welds at the stanchion bases when H = 2V = 12-64 
tons. 

_ It is considered that the fixed-base portals carried more than the calculated collapse 

load because of strain hardening at the feet of the stanchions. 


- 
% 
a 
4 
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INTRODUCTION 


Bact Pcs The monumental nature of most civil engineering work 
means that a test to destruction of an actual structure is often impracticable 
ud almost always prohibitively expensive. This handicap can, to some 


yy + Correspondence on this Paper should be received at the Institution by the Ist 
_ April, 1952, and will be published in Part I of the Proceedings. Contributions should 
iy ag to about 600 words.—Szo. LCE, 
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extent, be minimized by developing a new theory with the help of experi 
ments on small-scale structures and then carrying out a few carefully 
selected tests on the full scale to check and refine the theory. This method 
has been followed in the investigation into the behaviour of steel frames 
in the plastic range 1 which has been carried out in recent years. Th 
stage has now been reached when the theory can be applied to the design 
of single-storey shed buildings.2 The rectangular portal—the simplest — 
form of this type of structure—has been studied in some detail and a 
satisfactory procedure evolved for proportioning the members so that 
the structure will collapse under a permissible factored load. The basic 
assumptions underlying the method have been fully confirmed by a com- 
prehensive series of tests on miniature portal frames.* 
Tests have now been made on full-scale rectangular portals, two with 
pinned, and four with fixed bases, so that their behaviour under severe 
conditions of loading, which carry them out of the elastic into the plastic 
range, can be compared with that of the small-scale structures on which 
the simple theory has been based. 


GENERAL DESCRIPTION OF EXPERIMENTAL SITE 


The experiments were carried out at the structural testing ground at 
the Abington Research Station of the British Welding Research Associa- 
tion. The general arrangement of the test frames and loading rig is shown 
in Figs 1 and 2 for frames with pinned base and with fixed base stanchions 
respectively. To obtain the desired conditions at the bases, the stanchions 
of the former frame were mounted on pins running in ball races, and for 
the latter, by securing them to a heavy compound girder. In both cases 
the portals, of 8-inch-by-4-inch joist section throughout, had a span of 
16 feet and a stanchion height of 8 feet, and were tested in pairs at 12-foot. 
spacing, so that a stable framework could be obtained by the use of wire 
bracing in the side and top panels. Vertical load was applied by means of 
a pair of steel tanks, Al and A2 (Fig. 7) suspended from the joist C, sup- 
ported in turn on the portal frames at the mid-points of the beams. Hori- 
zontal load was applied by a second pair of tanks, A3 and A4, each sus- 
pended from a pair of steel cables passing over a large pulley in the frame 
G, and attached to the portal frame through a heavy lug welded on at 
the top of the stanchion and on the centre-line of the beam. 

The whole test rig was erected on a reinforced-concrete foundation 
the raft type, consisting of a 9-inch slab over 20-inch-by-18-inch beams, 
the latter spanning in both directions and intersecting at 16-foot centres 
in one direction and 12-foot centres in the other, to coincide with the span 
and spacing respectively of the portal frames. _ . 

Load was provided in the form of lengths of caterpillar track links, and 


1 The references are given on p. 94, 
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by water run in from four storage tanks mounted on a frame J. Each 
tank, holding about 1 ton of water, was connected to a particular load ng 
tank by a hose line and the increment of load was controlled by a valve 
in the bottom of the storage tank, and recorded on a graduated tube. 

The frames E, simply supported at the tops of the stanchions, were 
provided to hold a simple gauge for recording the central deflexion of 
the beam. Another pair of frames D, secured to the concrete founda 
tion, supported similar gauges for recording the horizontal deflexion. 
In addition to these records, strains were measured at three sections on 
the stanchions and six sections on the beams using Maihak acoustic 
strain gauges, all of which were connected to a bank of selector switches" 
at L and in turn to a recording set M in the hut at N. 


DESIGN AND CONSTRUCTION OF FRAMES anD TEsTiInG Rig 


Design Data for Details 
The 8-inch-by-4-inch joist section and the overall dimensions of a 
16-foot span and an 8-foot stanchion height for these portals were chosen 
to conform with those of the three-storey éxperimental frame of bolted 
construction, erected in 1930 at the Building Research Station for the 
investigations of the Steel Structures Research Committee.®® This has 
the advantage that as the work develops, comparison can readily be made 
with frames of semi-rigid construction. : 
To determine the loads and reactions for which provision would have 
to be made, consideration was given to the conditions at collapse resulting 
from the following arrangements of load on both the pinned- and fixed-_ 
base frames : ; 


(1) a vertical load applied at the centre of the beam ; 
(2) a horizontal load applied at the top of the stanchion ; and 
(3) the most severe combination of the loadings (1) and (2). 


For the pinned-base frame the last condition is obtained when the two 
loads are equal (V = H in Fig. 3 (a)), and for the fixed-base frame when 
the horizontal load is twice the vertical (H = 2V in Fig. 4 (a)), since under 
these combinations the whole of the windward half of the beam becomes" 
fully plastic. The bending moment distribution throughout the portal, 
due to each of the three loadings when sufficient to cause collapse, is repre-_ 
sented by the shaded area * in the lower diagram of (b)-(d) of Figs 3 for 


” For details of the construction of these bending moment diagrams, see reference 3, 
an ce 3 
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Fig. 8 (a) 
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Figs 3 
(a) 


Benpina-Moment Diacrams. PiInNED-Basr PortTAt 


(6) = (ce) 


} 


_. .- Benpine-Momrent Diagrams. Fixep-Basz PortaL 


the yield stress, the full plastic moment for the 8-inch-by-4-inch joist is 
288 tons-inches, the value from which the collapse loads and reactions 
noted in Figs 3 and 4 have been determined. Al] details were designed to 
withstand these loads. 

The horizontal loading frame (G in Fig. 1, p. 73) was designed to carry 
a load of 12 tons in each tank, (a) when transmitted through the cables” 


to the portal frame and (b) when suspended from the axle of the pulley. 


7-8) for pinned-base frame 
7-114" for fixed-base frame 


Derrarts oF BeaM-To-StanoHion CoNNEXION 


Pinned Base Frame e 

The 8-inch-by-4-inch joist material was cut and machined to th 
dimensions given for the beam and stanchion members, a and b respect 
in Fig. 5. The division plates c were cut from 4-inch-by-}-inch bar and 
the lug ¢ through which the horizontal load was to be applied, was of 
3-inch plate and was provided with clearing holes for a 1}-inch-diame’ or 
pin. Since this lug was to be wélded to the flange of the stanchion; the 

- , ’ =i) ees 
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_ web at the section in line with the lower flange of the beam, had to be 
_ strengthened by the inclusion of }-inch-thick stiffeners f and g, the latter 
_ being extended to form both a seating for the tie beams P and QO (Fig. 1), 
~ and a small lug for attachment of the wire bracing in the top panel of the 
_ frame. 
___ All welding on the stanchions was completed in the shop, namely, 
_ the attachment of the division plates c, the base plates d, the stiffeners 
f and g, and the lug e in the case of the leeward stanchions. The com- 
- ponents were then laid out on the concrete site, temporarily braced 
_ between stanchion bases, and the web of the beam welded to the division 
plates. Thereafter, the portal could be turned to complete the. other 
_ welds in the most convenient positions. Except where otherwise indicated 
_ (Fig. 6), all welds throughout the frame consisted of a single run of a 
No. 8 gauge electrode. When all welding had been completed and the 
temporary bracing removed, the maximum dimensional error was an 
_ increase of 4 inch in the distance between the stanchion bases. 
_ _ It was considered desirable in this first full-scale test to provide 
stanchion bases approaching as closely as possible to the ideal condition 
assumed in design. Carefully made pin-base units, shown in Fig. 7, p. 79, 
were therefore provided. These consisted essentially of a main frame a, 
_ forming a housing for the pair of M.S.13 ball-races b, the fitting d for bolting 
up the base of the stanchion being a sliding fit on the 14-inch-diameter pin 
_c¢ spanning between the two bearings. The whole unit was secured to 
_ the concrete foundation by means of the nuts e on two 1}-inch-diameter 
holding-down bolts fitted with base plates and embedded in the concrete 
to a depth of 18 inches. The channel-shaped packings f were introduced 
_to correct for an alteration made, in the course of construction, in the 
height of the horizontal loading cables. 
_ The erection of the frames was begun by spreading a thin layer of 
grout over the concrete around the holding-down bolts, the pin-based 
“units with their channel packings being locked in position. When the 
grout had set, the nuts were slackened off until the units, by virtue of the 
slotted holes in the main frame, were quite free on the channels, which 
themselves were a tight fit on the holding-down bolts. The portals were 
_then raised into position and bolted to the fittings d (Fig. 7); the beams 
-P and Q (Fig. 1) were landed on the brackets g (Fig. 5) and secured by 
the plates k (Fig. 5) which were welded to the portals and bolted to the 
beams. When the frames had been plumbed and levelled the pin-based 
units were again locked down, and to. make doubly sure, the stops a 
(Fig. 8(b), facing p. 75) were welded on. To complete the erection the 
bracing cables (breaking load 5 tons) were attached to the various lugs 
‘as shown in Figs 8 (a) and (b) and were brought to a uniform tension 
by means of strainers. : 
_ To support the loading tanks at the centre of the frame, an 8-inch-by- 
6-inch joist, 20 feet long, was clamped to each of the portal beams by four 
! > . - 
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bolts passing through a strap at the top and a saddle piece at the bottom 
as shown in Fig. 2 (facing p. 74) and Fig. 9 (a). Any restraint of th 
compression flange of the portal beam was reduced to the minimum by 
welding to the bottom flange of the 8-inch-by-6-inch joist a length o: 
half-round section at the position of contact. Each of the vertical loading” 
tanks was carried in a cradle suspended from two points on the joist. 
Each of the other pair of tanks, for the horizontal loading, was supported 
by a pair of cables having an individual breaking load of 9 tons. These 
cables were connected to a lug (e in Fig. 5) at the top of the stanchion 
and passed over a double pulley mounted on two heavy ball-races in the 
frame G (Fig. 1, p. 73) and attached to the cradle at a single point. The 
standard cables available were too short to span the full distance and, 
since four cables had to be used at each position, the opportunity was 


Fig. 6 


All welds made with 
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taken to insert between each pair, a tension link (H1 and H2 in Fig. 1) to 
which an extensometer could be attached to check the load transmitted. 

Ultimately each portal was to be subjected to the moment distribution 
shown in Figs 3(d), p. 75, according to which the windward half of the beam 
would have to resist a uniform bending moment of the full plastic value. 
There was then the possibility that, owing to the considerable plastic 
yielding, this member might become unstable laterally before developing 
the full moment of resistance. Some restraint of the lower flange of the 
beam could be expected from the saddle piece attached to the loading 
beam (Cin Fig. 1, p.73), but this could not prevent lateral movement corre- 
sponding to longitudinal displacement of the loading beam. The truss 
shown at F in Fig. 1 and in Fig. 9 (a) was therefore mounted on the two 
portal beams and the close fitting stops (a in Fig. 9 (a)) provided on both 
sides of the flange. To ensure that the nature of the loading of the frames 
should be disturbed as little as possible, four brackets were arranged so 
that the weight of the truss was supported at points approximately on 
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> axes of the windward stanchions and at two other points on the loading 
eam. 
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3 Fined Base Frames 

__ The construction of the fixed-base frames differed from that of the 
_ pinned-base frames only in small details. The lengths of the stanchions had 
to to be increased as indicated in Fig. 5, p. 76, the base plates d were omitted 
2 the welding was done without the bracing between the stanchion 
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bases. The resulting distortion was, however, no greater than for the 
pinned-base portals. : 
The compound girder (a in Fig. 10), to which the stanchion bases were 
fixed, was made up of two 7-inch-by-3-inch channels with two 12-inch-by- 
}-inch plates, 18 feet long. This girder was provided in the hope that the 
restraining moments at the feet of the stanchions could be deduced from 


Deraits or Fixrep Basg 


its deflexions, Whilst it was capable of developing within its elastic ra nge 


a moment equal to the full plastic moment of resistance of the stanchiall 
section, it was estimated that, assuming a rigid connexion between 
stanchion and compound, the horizontal deflexion of the portal would be 
increased by about 30 per cent as compared with one with fixed feet, 
Since this girder was purchased as a standard length, it was necessary at 
each end to remove certain rivet heads, weld in the shanks and drill addi- 
tional holes to make the connexion shown in Fig. 8 (c), facing p. 75. Th 


3 
a BAKER AND RODERICK ON TESTS ON FULL-SCALE PORTAL FRAMES 8] 


plates b (Fig. 10) fitted over the holding-down bolts were bedded in grout ; 
“next came the length of 4-inch-diameter half-round section and finally 
_the compound girder with the holding-down bolts projecting through the 
“holes d in the botton flange and the base plates e bolted to the top flange. 
After levelling up, the compounds were locked down and the portal frames 
erected as before, but with the stanchions resting freely on the base plates e. 
_A single run of weld with a No. 8 gauge electrode was then made around 
the profile of the joist section at each base, two extra runs being added 
on the outside of each flange. The plates f and g were provided solely to 
stiffen the base plate, and were purposely not connected to the stanchion, 
which was held only by the welds around the end profile. Finally, after 
" attaching the lugs a (Fig. 8 (c), facing p. 75), the erection was completed by 
fitting the various straining cables and bringing them all to a uniform 
tension. 

The erection of the loading gear, including the truss F (Fig 1, p. 73), 
"was carried out in the same way as for the pinned-base frame. 


Instruments 
. The essential requirement of the gauges for measuring deflexion was that 
_they should record the small elastic and somewhat larger plastic deflexions 
with the same degree of accuracy. This was achieved by combining 
in one instrument the two types of gauges shown in Fig. 11 (a), facing p. 79, 
“namely, a standard dial gauge of 1-inch travel graduated in thousandths 
of an inch and a 12-inch rule with vernier reading to 0-01 inch. The latter 
“piece, while free to slide, was held firmly against the rule by a spring 
plunger and attached to the end block by a length of linen-covered elastic 
to accommodate large deflexions without undue resistance. The dial 
gauge was clamped in the end block with its plunger in contact with the 
-vernier to which was connected a length of fine wire for attachment to 
the point at which the deflexion was required. 
_ The detail for the mounting of these gauges in the frames E and 
on the stands D (fg. 1, p. 73) for recording vertical and horizontal 
deflexion respectively, can be seen in Figs 11 (b) and (c), facing p. 79. 
_ For the recording of strains, complete Maihak acoustic strain-gauge 
equipment was kindly lent by the Department of Aeronautical and Engin- 
eering Research of the Admiralty, and comprised one hundred and fifty 
10-centimetre gauges, a bank of push-button selector switches to accom- 
‘modate two hundred gauges, together with the necessary leads and a 
receiver set. a S44 
Asa preliminary to the frame tests, all gauges were calibrated on a 
‘simple tension bar, the modulus of elasticity of which had previously been 
determined using a pair of mirror-type extensometers. : 
| The gauges were attached at twelve stations on each portal frame ; in 
the case of the stanchions, at 4 feet from the centre-line of the beam, and 
sat 2 feet 6 inches on either side of this position ; and for the beams, at 
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the quarter points and at 2 feet 6 inches on either side. The arrangement 
of the gauges at a station near the base of a stanchion can be seen in 
Fig. 8 (c), facing p. 75, four gauges being used so that the bending 
moments about both the major and minor axes could be obtained.6 Each 
gauge was held in position by a single clamp. The terminals of the 
exciting coils were connected to the selector switches at L (Fig. 1, p. 73) 
and these in turn, to the receiver set M in the hut at N. 

The only difficulty experienced in using the gauges was that with the 
longer lengths of lead the gauge wire could not be made to vibrate satis- 
factorily. But, after trial and error it was found that a resistance of 
2,200 ohms between earth and one set of gauge leads to cut out high- 
frequency oscillations was sufficient to make all gauges operate satis- 
factorily, the maximum length of lead being of the order of 20 yards. 


Description oF TESTS 
Pinned Base Frame F.S.F.1 

Before the final loading to collapse, preliminary data were obtained 
from a few tests within the elastic range using water loading only. The 
observed deflexions and the moments deduced from the observed strains 
for vertical and horizontal loads when acting separately, or as a com- 
bined loading, were in good agreement with those calculated on the simple 
elastic theory. : 

As already mentioned, it was proposed in the test to collapse to apply 
equal horizontal and vertical loads since, according to the simple theory, 
this arrangement produces at collapse the maximum degree of plasticity, 
the whole of the windward half of the beam being subjected to the full 
plastic moment as indicated in Figs 3 (d), p. 75. The greater part of the 
loading had now to be made up with track links and it was felt that some 
precaution should be taken to ensure that the task of loading the tanks did 
not become dangerous owing to some unforeseen failure. The scaffolding 
shown in Fig. 12 (a), erected well clear of the test frame, was therefore 
provided for lowering track links into the vertical loading tanks. This 
was, of course, considerably slower than loading with water and the test 
had to be spread over 2 days. "4 

On the first day, the aim was to cover the greater part of the elastic 
range, The loads were applied in increments of 0-5 ton per tank up to a 
total loading of V = H = 3-13 tons, estimated to produce a maximum 
stress of 14-86 tons per square inch. At the end of this range a number 
of the strain gauges were nearing the limit of their extension, and the first — 
task the following day was therefore to reset all gauges and check the 
operation of the equipment. A complete set of readings were then taken 
and the loading continued in increments of 0-25 ton per tank. When 
several increments had been added, definite signs of creep were observed 
and thereafter readings were not taken until the rate of creep had fallen 
to about 0-01 inch per minute on the horizontal gauge. At 4-88 tons the 


- 


Fig. 12 (a) 


Sipe View or Frame FSF.1 at Cotuapse 


Fig. 12 (b) 


Enp View or Frame FSF.1 at CoLLAPsE 


Fig. 17 


Frxep-Basrk Frame FSF.2 unprerR Frnat Loap 


Fig. 20 


Frame FSF.3 arrer CoLLapse 


BAKER AND RODERICK ON TESTS ON FULL-SCALE PORTAL FRAMES 83 


set of strain gauges on either side of the joint C (Fig. 3 (a)) again reached 
- their limit and had to be removed. These were followed shortly after- 
_ wards by the gauges at the top of the other stanchions and those in the 
length BE. At 5-15 tons, water loading was started and the increment 
_ teduced to 0-10 ton, though readings were taken only after alternate 
increments. At 5-75 tons the sideway deflexion was observed to be 
_ increasing rapidly and after about 3 minutes the frame collapsed, the 
horizontal tanks descending on to the timber sleepers provided to break 
_ the impact on the concrete foundation. The form of the frame after 
collapse can be seen in Figs 12. As the frame was failing it was observed 
to move rapidly through a distance of approximately 1 foot in the hori- 
_ zontal direction before the leeward stanchions became unstable and 
- deflected laterally as shown in Fig. 12 (6). 
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The observed deflexions have been plotted in Figs 13 and compared 
with calculated values in the elastic range. The latter are shown in broken 
line. The symbols FSF.1A and FSF.1B in Figs 13 refer to the individual 
portals, the former denoting the one nearest to the hut N (Fig. 1, p. 73). 
Observed bending moments have also been compared with theoretical 
values ; these are plotted in Figs 14 for the loading 3-40 tons, the first load 


applied on the second day. 


Fized-Base Frames FSF.2 and 3 
Frame FSF.2.—In view of the good agreement between observed and 
calculated data in the previous tests it was not thought necessary to 
examine the behaviour of this frame under the individual loads. : 
oe preliminary test was carried out using the same arrangement of 
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loading as it was proposed to apply in the final test, namely, a vertica . 
load and a horizontal load of twice the value. Owing to the larger hori- 
zontal load, it was not possible to apply a sufficient range of loading sing 
water only. Hence for the first loading, the horizontal loading tan ss 


Figs 14 
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were each made up to 2-25 tons with scrap metal to equal twice the load — 
applied by an empty vertical loading tank. A second and a third loading 
were obtained by running in water in increments of 0-5 ton to the vertical 
tanks and of 1-0 ton to the horizontal tanks. A 
The observed deflexions and the bending moment due to the maximum 
loads are plotted in Figs 15 and 16 respectively. Two sets of calculated 
values are given in each case, For the first calculation it has been assume¢ 
that the stanchion bases were rigidly held, while in the second case, account 
has been taken of the stiffness of the compound girder assuming it to be 
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rigidly connected to the portals, but simply supported on the concrete as 
‘shown in Fig. 4 (a). 

_ The agreement of observed moments and deflexions with the second 
“set of calculated values was considered satisfactory, though the gradual 
‘deviation of the observed horizontal deflexions, and the somewhat lower 
values of observed bending moments near the bases of the stanchions, 
indicated a relaxation of the connexion between them and the compound 
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_ (Broken lines show deflexions calculated assuming rigid bases ; full lines show 
deflexions calculated allowing for stiffness of compound girder) 


girders. This was later confirmed by measurements of rotations at the 
stanchion bases. Ps 

_ The method of carrying out the final test was similar to that for the 
pinned-base frame. On the first day the test was taken to the stage 
V =3-63 tons, H = 7-26 tons, the loading being applied in increments 
of 0:5 ton to the vertical tanks and of 1-0 ton to the horizontal tanks. 
The calculated maximum stress under these loads was 15-75 tons per 
square inch. On the second day the increments were reduced by half and 
loading continued until V = 5-13 tons, H = 10-26 tons when water loading 
was started by increments of 0-1 and 0-2 ton in the vertical and hori 


zontal tanks respectively. 
: Since this frame had been made up from the same batch of material 


as the pinned-base one, it should, according to the simple plastic theory, 
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have collapsed under the same vertical load, namely V = 5-75 tons. 

However, apart trom a slight increase in the increments of deflexion, n o 
signs of catastrophic failure could be detected. After four more increments 
of load had been added for almost constant increments of deflexion, — 


Figs 16 
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OBSERVED AND CarcuLATED Moments. Frame FSF.2 
(H = 2V = 4-25 tons) 
(Broken lines show moments calculated assuming rigid bases ; full lines 
show moments calculated allowing for stiffness of compound girder) 


bringing the loading to V = 6-13 tons, H = 12-26 tons, the test was 
discontinued for the day. The next morning all gauges were re-read and 
the horizontal deflexion was found to have increased over night by about 
18 per cent. A further reading some hours later showed no further 
increase. Additional loading was then applied but had to be discontinued 
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at H = 13-11 tons, the limiting capacity of the horizontal tanks, The 
load was left on for 3 days but showed no signs of causing collapse. 

_ The state of the frame under the final load can be seen in F ig. 17 
“(facing p. 83). The observed deflexion and bending moments have been 
plotted in Figs 18 and 19 respectively. The calculated values in each 
€ase were obtained by taking account of the stiffness of the compound 
girder as described for the preliminary test, though the load at collapse is, 
of course, independent of this stiffness. 

- Records of the strains in the tension links in the horizontal loading 
tables showed that the frame had been subjected to the full loads, 

_ Frame FSF.3.—Though this test was intended to be a repetition of 
“test FSF.2, the opportunity was taken to examine the effect of certain 
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‘modifications, some of which tended to lessen the precautions previously 
taken against premature failure. The welding at the stanchion bases was 
reduced by omitting the extra runs on the outsides of the flanges. Also, 
in the course of erection, the truss F (Fig. 1, p. 73), used in the first two 
tests to stabilize the compression flanges of the windward halves of the. 
portal beams, was replaced by the simple diagonal bracing illustrated in 
Fig. 9 (b), facing p. 78, which shows the frame after collapse. This, 
while sufficient to prevent longitudinal displacement of the loading beam | 
(C in Fig. 1), left the beam of each portal unsupported for a length 
approximately 21 times the width of the flange. 

In view of the good agreement in the observed data obtained from 
the pair of portals in previous tests, it was decided to fit Maihak gauges 
to portal FSF.3A only. . of win 

% As. a preliminary, the frame was subjected to several applications of the 
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loading V = 1-57 tons, H = 3-13 tons, and the total deflexions were 
recorded. It was found that these could be repeated consistently and ~ 
were in good agreement with those observed for frame FSF.2. The 
behaviour of the frame was therefore considered satisfactory. 

For the final-test, the beam-to-stanchion connexions, portions of the 
adjacent members, and the stanchion bases on portal FSF.3B were coated | i 
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with plumbers’ resin, as shown in Fig. 2, (facing p. 74), so that the develop 
ment of yielding could be easily followed. On the first day the loading was 
taken to the stage V = 3-07 tons, H = 6-13 tons, in increments of 0-5 ton 
and 1-0 ton in vertical and horizontal tanks respectively. On the second 
day the increments were reduced by half. The first signs of cracking in the 
resin were observed on the inside flange at the top of the leeward stanchion | 
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at a load of V = 3-82 tons. At V = 4-82 tons this yielding had only 
advanced to the stage shown in Fig. 21 (b), the shear cracks which had 

_ begun to appear in the web of the connexion being shown at (a). At the 

- same load, cracks were also observed in the resin on the tension flanges 

near the bases of both stanchions. Thereafter, yielding could be seen to 
be developing at each of these three positions, though at the windward 
beam-to-stanchion connexion the resin remained almost undisturbed 
until the end of the test. 

_ After adding the first increment of water to bring the load up to 
V = 6-32 tons and taking a set of readings, there was an ominous cracking 
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sound caused by the breaking of the weld at one of the stanchion bases, 
followed immediately by the fracture of the other three to produce com- 
plete collapse. 

_ The condition of the frame after collapse can be seen in Fig. 20 
(facing p. 83). 

i The observed deflexions for the two portals are shown in Figs 22 and 
the observed bending moments for the portal FSF.3A at the loading 

VY =3-57 tons in Fig. 23. The calculated values were obtained in the 
same way as for the previous frame. 


CoMPARISON OF OBSERVED AND THEORETICAL CarRyInG CAPACITIES 


As part of this investigation a number of joists taken from the batches 
of 8-inch-by-4-inch material used in the construction of the asin tod 
previously been tested as simply supported beams. | 

Four joists out of the first batch from which frames FSF.1 and 2 were 
pPrepsred. gave a minimum average yield stress for the section of 16-9 tons 
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per square inch. Thus, according to the simple plastic theory, yielding 
in the extreme fibres starts when the bending moment reaches a value of: 


M, = fZ = 236 tons-inches 
and penetrates through the full depth when the moment has the value : 
; My, = 1:15M, = 271 tons-inches } 
Referring to Fig. 3 for the pinned-base frame FSF.1, the maximum moment } 


(66H) in the elastic range occurs at C so that the calculated load for : 
commencement of yielding is : ; 


H = V = 3-58 tons. 


Fig. 23 
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OBSERVED AND CALCULATED Moments. Frame FSF.3A 
(H = 2V = 7-41 tons) 


At collapse the theoretical distribution of moment is that shown in diagram — 
(d), the ordinate Cc representing a moment of Hh where 
Hh = 2Mp, . 
so that, for the above value of Mp», collapse should occur at a load of 
H = V = 5-65 tons, 
These values are shown on the load deflexion curves in Figs 13, p. 83, 


and the latter will be seen to be in good agreement with the observed 
collapse load. 


For the fixed-base frame FSF.2, the maximum elastic moment (30:17H) 
again occurs at C (Figs 4, p. 75) and yielding commences at a load of 
H = 2V =7-82 tons, a 


oA sn hh since the ordinate Cc (diagram (d), Figs 4) has the vale 
, an ’ : 


Hh = 4M, 
the corresponding loading is 


H = 2V = 11:3 tons. 
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"These values are shown in Figs 18, p. 87. Though this theoretical 
_ collapse load was exceeded by a considerable margin in the test, it gives 
a good indication of the stage beyond which the frame developed large 


- permanent deformations. 


Frame FSF.3 was made up from a second batch of material for which 


tests on four joists gave the minimum average yield stress of 16-8 tons per 
square inch so that 


M, = 234 tons-inches 
and My = 269 tons-inches. 


Thus, as for FSF.2, the calculated yield loading is : 


and the collapse loading : 


H =2V = 7-75 tons, 


H=2V =11*20 tons, 


both of which are indicated in Figs 22, p. 89. These results will be seen 


_to be in good agreement with those for the previous frame. 


In the tests on the simply supported joists it was found that under 


symmetrical two-point loadings where a portion of the member was sub- 


jected to pure bending, collapse occurred at a moment in close agreement 


with the theoretical value My. When, however, a single concentrated 
load was applied, the extent of the plastic yielding was. considerably 


reduced and within the zone high strains were very soon developed causing 
strain hardening before large vertical deflexions had been recorded. 
Thereafter, the moment of resistance of sections in the plastic zone began 
tu build up and to exceed the value My, so that it was not possible to pro- 
duce collapse of the joint by bending only. 

In consequence of the loading arrangements selected for the frames, 


both conditions of yielding were known to have occurred in both the pinned- 


and fixed-base frames. In the former, the length BE (Fig. 3 (a), p. 75) 
must eventually have been subjected to a uniform moment of the full plastic 
value, while at the top of the stanchion CD yielding developed in the 
same way as for the simply supported joist carrying a single concentrated 
load. Since the moment at the latter position could exceed the value Mp 
owing to strain-hardening, the frame should have carried a load in excess 


“of the calculated value of V = H = 5-65 tons. The fact that it collapsed 


at a load in close agreement with this value can, however, be explained 


from a consideration of the déformation of the frame. From statical 


considerations it will be seen that the whole of the vertical load V is 


‘reacted at D so that if, for a given increment of load, the frame sways 
over by an amount 4, there will be an additional increase of moment at 


C of V8. Obviously, when the rate of growth of these sway moments 
approaches that of the added resistance caused by strain-hardening, 


collapse must occur. 


It will be noted from Fig. 13 (b), p. 83, that at the last recorded. deffexion 
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(V =H =5:55 tons) the total sway moment had reached a value of 
33-1 tons-inches, which is more than ten per cent of the full plastic moment — 
of resistance of the joist. 
For the fixed-base frames, the horizontal deflexions at corresponding 
stages were considerably less than those observed for the pinned-b 
frame (compare Figs 13 and 18). The consequent reduction in the sway 
moment, combined with the fact that in this case strain hardening also 
occurred at the base of the stanchion, was evidently sufficient to prevent 
catastrophic failure. | 


~ SumMARY AND CONCLUSIONS 


(1) The elastic behaviour of all three frames as judged by the observed 
deflexions (Figs 13, 18, and 22) and the moments deduced from the 
strain-gauge readings (Figs 14, 19, and 23) agreed closely with that 
forecast by elastic analysis. This was particularly true of the pmned-base 
frame FSF.1. The provision of compound girders to fix the stanchion 
bases of frames FSF.2 and 3 was estimated to cause an increase of about 
30 per cent in the horizontal deflexion as compared with that which would — 
have occurred had these bases been rigidly held (Fig. 15). It was found, 
however, that as the loading increased, this estimated deflexion was 
gradually exceeded, though the deviation was comparatively small. — 
Measurement of rotations at the bases of the stanchions also indicated 
some relaxation in the connexion between stanchion and compound. . 

(2) Theoretical collapse loads, calculated according to the simple 
plastic theory were obtained for all three frames, the values of the full 
plastic moment being based on average yield stresses previously deter- _ 
mined for the joist material. For the pinned-base frame the agreement 
between observed and calculated collapse loads was exceedingly close. 
In the case of the fixed-base frames, however, the calculated values were 
exceeded, and for frame FSF.2 it was not possible to produce collapse even 
when the load had been increased by 18 per cent. The calculated load for 
frame FSF.3 was also exceeded, though collapse eventually occurred 
owing to the fracture of light welds at the stanchion bases. 

Earlier tests in which lengths of the joist material had been tested as 
simply supported beams, indicated that real collapse could only occur 
when a finite length of the member was subjected to a uniform bending 
moment equal to the full plastic value. Under other conditions of bending, 
such as those arising from a single concentrated load, strain hardening 
set in before large vertical deflexions had been developed and so prevented 
collapse. Since in all three tests this condition occurred in the stanchions, 
it could be argued that the calculated collapse load should have been 
exceeded for all three frames. Such an argument, however, takes no 
account of the effect of the deformations of the frame on the carrying 
capacity. The side-sway deflexion in conjunction with any vertical 
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reaction at the stanchion base will produce an additional moment at the 
top of this member. It is therefore claimed that the pinned-base frame 
collapsed as a result of instability when the rate of increase of the sway 
‘Inoments approached that of the increase in resistance due to strain 
hardening. 
_ Although in the case of the fixed-base frames the theoretical collapse 
loads were exceeded, it will be seen from the load/deflexion curves (Figs 18 
and 22) that the calculated load gives a good indication of the stage 
‘beyond which the frame developed large permanent deformations. 

(3) In the design of any frame by the plastic method, it is necessary 
to ensure that types of failure other than by bending about the major 
axis, do not produce premature collapse. The principal form of failure to 
be guarded against is lateral instability. It is known that for beam mem- 

‘bers subjected to uniform bending moment, adequate protection is pro- 
vided if the distance between lateral supports does not exceed about 
100 times the minimum radius of gyration. In frame FSF.3 the length 
BE (Fig. 4) was unsupported for a length 114 times its minimum radius 
of gyration and it eventually withstood a moment in excess of the full 
plastic value without showing any signs of becoming unstable laterally. 
_ Another source of danger is in the design of details such as beam-to- 
‘stanchion connexions and the fixed bases of stanchions which must be 
capable of transmitting the full plastic moment of the adjoining members, 
preferably without undue deformation. The mitred connexion with a 
division plate used in these tests, was very satisfactory (Figs 21 (c) and (d)). 
For the fixed stanchion bases it was found that even with a very light weld, 
consisting of a single run of a No. 8 gauge electrode, around the complete 
profile of the 8-inch-by-4-inch stanchion section (frame FSF.3), a moment 
equal to the full plastic value for this member could be developed, though 
fracture occurred shortly afterwards. With two additional runs of weld 
on the outside of each flange (frame FSF.2) there was no sign of fracture 
even when the frame carried a load 16 per cent in excess of the theoretical 
collapse value. 
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me ** Secondary Stresses in Bridge Trusses ”° 


by 
Professor Shu-Tao Chen 


(Ordered by the Council to be published with written discussion) + 


INTRODUCTION 


Seconpakry stresses in steel bridge trusses can be analysed by the slope- 
deflexion method or by the moment-distribution method.1}2 Neither of 
these methods presents any difficulties except in the assumptions made 
in the first approximations. When the slope-deflexion method is used, 
the joint-rotation at the far and near ends of a member are usually assumed 
to be equal. In the moment distribution method, however, it is assumed 
_ that the far end joint-rotation is equal to zero. Neither of these assump- 
tions is satisfactory, and at least three cycles of approximations are usually 
required for ordinary purposes. It is the object of this Paper to show 
that an assumed value can be assigned to: (a) the joint-rotation at; 
and (b) the carried-over moment from, the far end of a member. Two 
cycles of approximations give the same accuracy as by the conventional 
method. 


ASSUMED JoINnT-RoTATION 


It is sufficiently accurate to assume that the rotation (slope) of a 
joint is equal to the average rotation (deflexion) of two members at the 
joint which have comparatively larger stiffness factors. If only one 
“member is comparatively stiffer, the rotation of that member can be 
assumed to be equal to the rotation of the joint. Comparatively larger 
stiffness factors in more than two members seldom occur. The term 
_“ comparatively ” has no definite meaning, but, in general, it is used by 

the Author if the stiffness factor of a member is nearly equal to twice that 
of the member with which it is being compared. Usually the chords includ- 
ing the end posts are such members. 


Notation 
7 K denotes the stiffness factor of a member. 
6 = 2E x rotation (slope) of the joint, which is considered to be 
positive when clockwise. 


1,2 The references are given on pp. 103, 104. = 
+ Correspondence on this Paper should be received at the Institution by the 15th 
iy, 1952, and will be published in Part I of the Proceedings. Contributions should 


I peestted) to about 600 words.—Szc. I.C.E. 


o 
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R=2E x rotation (deflexion) of the member, which is considered 
be positive when clockwise. 
The slope-deflexion equations for a joint n are: 


Kur, (20, + 9, — 3Rge,) + Koe,(28, + %, — 3Ry:,) 
+ Kne,(26n + 8, — SRge,) + Kae,(20n + 9, — 3Rnt,) = 0 
If K,,, and Ky, are comparatively stiffer (that is to say, if 
Kar, = Kur, > 2K yy, > 2K, ), then, by assuming 
Kut, = Kat, = 03 9, = 9, = 0,; and Ky, = Ky, 
it can be shown that 


G4 (hie + Ra), «vo See 
Similarly, if only K,,, is comparatively stiffer (that is to say, 
Ky, > 2Kan > 2Kgy, > 2Kyy,), then, assuming Ky, = Ky, = Ky, =0 
and 6,, = 0, gives: 

ee a ee Pee ee 

Since the above two formulae are only approximately true, it is unneces- 
sary to assign (Ry, + R,-,)/2 or Ry, to be exactly the assumed value 
of @,. The nearest rounded values should be used. Such values can 
be estimated mentally 


AssUMED CARRIED-OvER MoMENT 


In contrast to the conventional method, a set of assumed moments is 
carried over from the far ends to the near ends of the members before the 


Fig. 1 


unbalanced fixed-end moments at the joint are distributed. The magni- 
tude of the assumed carried-over moment at the near end of a member. 
is equal to the product of the stiffness factor of the member, the assume 

joint-rotation at the far end, and E. Thus in Fig. 1, the assumed carried- 
over moment from n to fj is: . 


Kann = Kor (Ray + Ry l2. 2. (C) 
if Ky, and K,,, are comparatively stifler; or the assumed carried over 
moment from n to f; is: am 
Ban, Baty :ct5ncataoie Oke tends gt et lee 
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if K,,, only is comparatively stiffer. It is again unnecessary to assign 
Kan(Rot, + Rot,)/2 or Ky, Ry, to be exactly the assumed carried-over 
moment, and the nearest rounded values should be used. Such values 
can be estimated mentally. 


ORDER OF SOLUTION 


Alternate joints are divided into two groups. The sub-joints, in trusses 
with subdivided panels or with double-web systems, form a third group. 


Fig. 2 
b c d e f 


r k j i h : 


Fig. 2 shows a simple truss, in which the joints a, ¢, e, g, i, and k com- 
| prise one group, and joints b, d, f, h, j, and 1 form the other. 

Fg. 3 shows a compound truss, in which the sub-joints p, q, r, s, t, u, 
'Y, W, X, y, and z are a third group. 

By the slope-deflexion method, the joint-rotations of the second group 


Wy NN LY. 
ZISVIMVIAVIAVIN 


of the first group are computed by substituting those of the second group, 
_and the procedure is then repeated. : 

__ By the moment distribution method, the assumed moments are carried 
over from the joints of the first group to those of the second. The total 
unbalanced moments at the joints of the second group are distributed. 
Half the distributed moments are carried over from the joints of the 
second group to those of the first group, and the total unbalanced 
moments at the joints of the first group are distributed. The assumed 
-earried-over moments from the joints of the first group to those of the 
second group are corrected, and the procedure again repeated. | 

Ee ' 


Fig. 3 


ar ory. 


- fae 
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EXAMPLE 

Slope Deflexion Method 

“Consider a six-panel Pratt truss with the stiffness factors and 2E xX 
rotations of the members as shown in Fig. 4. The slope-deflexion method 
is used to compute the secondary end moments in the members. The 
joints are divided into two groups composed of the odd- and even-num-— 
bered joints respectively. The assumed values for the joint rotations — 
of the first group are as follows : 


A, =—_——_ 170 — Rye 
63 = — 200 = }(Rog + Rg4) = 3(— 230 — 170) 
Similarly, 6;—=110; 0, =300; 6)=100; and 6; = — 200. 
Fig. 4 


2 R=-237-74 3 R=-I7210 4 R=-8728 5 R= +30I'S4 6 
43 


The simultaneous equations for the joint rotations of the second group 
are as follows : 


9-150, -}- 0:266;5 4- 46-966, +. 1-646, 4- 12-430, = —14,404 . (2) 
12-4365 + 51-2604 + 0:77649 + 12-430, =— 9,673 . (4) 
12-430; + 1-645 + 46-960, + 0-260, + 9:15, = 20,918 . (6) > 
3-809 ++ 0-260, + 15-720, + 3-800, = 8156. (8)) 


5-960;, + 0°7303 + 0°7704 + 2830019 + 0726, + 5-960, 
=— 6,450 . (10) 


3-800, + 15°720)9 + 0-266, + 3-800, =— 4,577 . (12) i 
Equations (2), (4), and (6), can be solved by substituting the values of 
the 6’s assumed above and by assuming also that: @). = — 190; 019 - 


— 170; and @, = 340. 
Hence, 02 = — 212:6 

—14,404 — 9-15(— 170) — 0-26(— 190) — 1-64(— 200) — 12-43(— 200) 

46-96 7 

Similarly, 6, = — 164-3 and 0, = 352-6. 

Equations (8), (10), and (12) can be solved by substituting the value 

of the 6’s assumed and calculated above. 

Therefore, 6g = 416-3 = Bi186 vs 880,26 5100;- 1026.26 8628 soSiRO eee pe hO ai Oi ahs pad 73:50 Ms 300 

15-72 , 

Similarly, 619 = — 200-0 and 0,5 = — 198-3 
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The simultaneous equations for the joint rotations of the first group 
are as follows : 


12-4305 + 2-020; + 55-226; + 12-430, + 0-730;9 = — 15,952. . . (3) 
12-4364 + 073619 + 55-224, + 2-026, - 12-490, =<, . 8,619 2... .(5) 
9-150 + 3-800, + 25-906, ae. 12,018 x oy, tT) 
5-96019 + 2-020; + 26:84 + 1-646, + 3-800, = 3,429. . . (9) 
53-8002 + 1-640, + 26-846,, + 2-020; + 5-960) = — 7,223. . . (11) 
25-900, + 3-806,. + 9-150, =~ 7012. yo Al) 


Equations (3) and (5) can be solved in the same manner as equations 
(8), (10), and (12). Thus: 


Bett sre hea a= 200; TSA dy. sees 
Re a CL AGE TD ee AN 
Similarly, 6; = 112-6 


Equations (7), (9), (11), and (1) can be solved by substituting all the _ 
values of 6 calculated above. 


292-3 — 12,378 — 9-15 x 352 -6 — 3-80 x 416-3 
25-90 
Similarly, 6) = 83-2; 6;,; = — 169-0; and 0, =~ 166-5. 
The first approximations are thus completed. The first corrections 
and the final values of all the 6’s are given in Table 1. 


Thus, 6, = 


TABLE 1 
Order First First Final 
of Group | Unknowns Approximation! Correction Value 
Solution 
1 02 — 212-6 — 33 — 215-9(— 216-8)* 
2 04 — 164-3 —1-6 | — 165-9(— 166-1) 
3 2nd 06 352-6 1:0 3536 (353-6) 
Z 4 05 416-3 5-9 422-2 (421-4) 
5 910 — 200-0 — 3-2 — 203-2(— 203-8) 
6 912 — 198-3 — 83 — 206-6(— 206-8) 
7 i — 194-1 0-0 | — 194-1(— 194-4) 
8 65 112-6 0:8 113-4 (113-5) 
9 Ist 0, 292:3 — 1-2 291-1 (290:6) 
10 9, 83-2 — 0:3 82-9 (83:1) 
il O14 — 169-0 2-1 — 166-9(— 167-0) 
12 1 — 166-5 2-4 — oles 163-8) 


The secondary end moments in all the members are caleylated as 
_ follows : 
Mice = = — 235 (— 236)* inch-lb. 
= 9-15{2(— 164-1) + (— 215- 9) — 3(— 172-8)} 


_ * The values in parentheses are the “‘ more exact” values given by Johnson, 
eben, and Turneaure (see reference 3, p. 104), 


asa inat ii 
\ 
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My.= 240 (234) 
Similarly, 
Mi-y2= =—-236 (235) 
My, = — 239 (— 236) 
Me, = — 731 (— 717) = 9-15{2(— 215-9) + (— 166-5) — 3(— 172-8)} 
Me-7= 823 (807) 


Similarly, 
Mesa vi 05 — 60) Mes = 124 (124) 
My-3 = 1,084 (1,071) Mes a — 1,053(— 1,044) 
M35 = 1,355 (1,352) M;-s = 4,029(— 4,027) 

iM, iO — Tay M10 = 45 (45) 

Mg4 = ~—4T0 (+467) Ms4 = 4,012 (4,012) 
M5 = —119 (—124) Ms. = 531 (534) 

o M410 — — 414 (—415) 
M3, = 265 (266) A My-4 = 66 (67) 
Ms. = 142° (142) My. = —62 (—63) 
Mg-9) = — 413. (— 407) My = ol fore) 
My~s3 = —1,703(— 1,700) My-12 = 157 (153). 
My-6 = — 334 (— 335) My. = — 204 (— 205) - 
Moi = Sat ar My-3 = —612 (— 612) 
My-19 = 2,123 (2,122) Myy-10= 662 (663) 
Myo-9 = - 420 (415) Myo-11 = 433 (443) 
Muggs 187 186) My3 = —225 (— 225) 


For the moments around the joints of the second group, it is preferable 
to use the first approximations for the joint rotations at the far ends o: 
the members meeting at the joint, instead of the final values. 7 


Moment Distribution Method 
In this method the joints are again divided into two groups as in the 


slope-deflexion method, and the fixed-end moments around all the joints 
are computed as follows :— oe 


Joint 2, member 2-1, fixed-end moment = — 3 x 9-15(— 172-8) 
= 4743 inch-lb. | 
The assumed carried-over moments from the joints of the first group 

to those pf the second group are calculated as follows :— 
Joint 2, member 2-1 assumed carried over moment = 9(— 170) . 
= —1,500 inch-lb. 
” 2, » 2-12 ” = o(— 190) ; ea 
= 0 inch-Ib._ 
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Joint 2, member 2-11 assumed carried over moment — 2(— 200) 
= — 400 inch-lb. 
ea » 23 _ = 12(— 200) 
= —2,400inch-bl. 
For explicitness the symbol a is written after the assumed carried- 
over moments on the calculation sheet (see Figs 5). 


Fig. 5 (a) 
(1071) (1352) (- 467) (- 124) 
1086 1358 - 465 pee iP 

a | es eee So 61 


in Toaaia) 12 

' 2210 3862 3862 

a a care cone - 731 - 1183 a - 1200 

- 1265 - 1462 - 1462 - 1293 - 2026 - 2366 

= 54 c 68 154¢ - 54 - 26 c 187 

18 -_ 107 _ - 107 24 37 ately) 

237 68 = 5 156 664 431 
(235) (67) (=) 3) ’ (153) (663) (443) 


The total unbalanced moments at the joints of the second group are 
distributed, and half of the distributed moments are carried over from 
the joints of the second group to those of the first group. The total 
unbalanced moments at the joints of the first group are then distributed: 
in the same way as in the conventional method, and the assumed carried-. 
_ over moments from the joints of the first group to those of the second group 
‘are corrected. The corrected carried-over moments of the joints of the 
4 second group are completed as follows :— 

ate ; . 


= 


¢ 
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Joint 2, member 2-1 corrected carried-over moment 
= (— 3,047)/2 + 1,500 = — 24 


oil » 2-12, . = (— 98)/2 +0 = — 49 
” 2, ” 2-11, ” —_= (— 558)/2 400 = 121 
2 = 


” 


etc. 
* 


, » 2-3, a (— 4,816)/2 + 2,400 = —' 8 
For explicitness, the symbol c is written after the corrected carried- _ 
over moments in the calculation sheet (see Figs 4). 


The total unbalanced moments at the joints of the second group are — 
again distributed, and half of the distributed moments are carried over 
from the joints of the second group to those of the first group. The to 
unbalanced moments at the joints of the first group are distributed, as in 
the conventional method. The two cycles of approximations are now 
completed. All the moments, including the fixed-end, the carried-over 
(assumed, corrected, and calculated) and the distributed moments are 
added together as in the conventional method. 
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FurtHer ExamepLe—KeEnova BripGe 


- Fig. 6 refers to the Kenova bridge under full load and shows a sixteen- 
_ panel Petit truss. The values of K (stiffness factor) and R (2H x rotation 
_ of the member) are given for each member. In order to estimate the joint 


Fig. 6 


Kam? 7 Kam @ Kame 9 
=267_ © OTR R=IN6] Re 3 


Mia 
K= 2:0 K= 20 
R=469 32 R=2''9 31 R=260 30 R=I55 29 R=235 28 R=126 27 R=147 26 R--03 25 


rotations, the joints are divided into three groups. The odd- and even- 
_ numbered joints form the first and second groups, and the remaining joints 
compose the third group. The joint rotations are estimated as follows : 


6, = 44(51-3)*= (41 + 47)/2 65 = 22(21-2) = (15 + 29)/2 


6, = 18(16-6) = (18 + 19)/2 6, = 13(13-3) = (15 + 12)/2 
6, = O, by symmetry O55; = 0, by symmetry 
O57 = 13(10-0) = 13/1 Bog = 20(19-1) = (16 + 24)/2 
O51 = 24(22-4) = (22 + 26)/2 

05 = 28(24-7) = (41 + 15)/2 6, = 23(25-4) = (29 + 18)/2 
3 = 17(17-7) = (19 + 15)/2 63 = 7 (7-6) = (12 + 3)/2 
6.4 = 6 (7-8) = (15 +4 + 0)/3 Oog= 18(19-6) = (24 + 13)/2 

O59 = 21(20-3) = (26 + 16)/2 Ooo = 34(33-5) = (47 + 22)/2 


6, = 18(17-2) = (25 +154 14)/3 0, = 14(12-6) = (11 + 17)/2 
BO, = 13(11-3) = (14+ 138-4113 -6 = 7 (6-7) = (74 8)/2 
D% = 4 (3-7)=(8+4-+41)/3 0, = 0, by symmetry 


* The values in parentheses are the final values given by Parcel and Maney (see 
_ reference 4). 
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Paper No. 5828 
** Scale-Model Experiments in Connexion with the Design 
of a Large Lock ”’ 
by 
John Allen, M.Sec., Ph.D., and Basil Standing, M.Sc., A.M.I.C.E. 


(Ordered by the Council to be published in abstract form) t 


Previous ResearcHEs on Mopet-Locxks 


Tue first experiments were apparently carried out by Krey! in 1911 
(quoted by Jansson 2) followed by others at Karlsruhe? in 1923, and in 


1924 by an extensive series+ in the Experimental Institute in Berlin, 


Since then numerous other experiments have been performed, for example, 
by Cabelka,® and particularly by the Tennessee Valley Authority,® whilst 


' Griffin,’ in a highly interesting Paper, has discussed the conditions peculiar 


- toa number of prototypes, and the bearing of the model-tests on the subse- 


quent design. 


THE PRESENT PROBLEM 


A large lock is under construction at Eastham, Cheshire, primarily for — 


the berthing of oil tankers of approximately 28,000 tons gross register— 


_ asize considerably in excess of any tanker at present entering British ports. 
To keep the level in the dock-basin at a reasonably constant height, 


it is necessary to construct an entrance lock leading from the River Mersey 
into the dock. The length of the lock will be 807 feet and the breadth 


100 feet. The siting of the lock and dock in relation to the existing locks 


at Eastham is shown in Fig. 1. 


ICE 


Figs 2 show the general dimensions and the arrangement of the filling 
and emptying system of the lock. In order to raise a ship entering the 


side culverts, the water entering the lock by means of sluices connecting 
the lock with the culverts. For emptying the lock into the river, 
another set of sluices and valves is to be utilized. 

The Manchester Ship Canal Company, for whom the dock is being 


_ constructed, were anxious that the filling or emptying of the lock should 
not cause dangerously large movements of the ship, and that any silt 


1 The references are given on p. 112. 
The full MS. and illustrations may be seen in the Institution Library.—Sxzo. 


oe 


_ lock from the River Mersey, it is planned to open the valves in the two. 
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deposited on the floor of the lock should not reduce either the maximum 
available lift in the lock or the size of vessels which could use the lock. 

Accordingly a #4-scale model of the lock was constructed at Man- 
chester University, to test various designs of sluices, and to record the 
ensuing motion of a model-tanker placed in the lock. 


Fig. 1 


MERSEY BSTUARY 


Eastham 


‘ 


a 1 

Proposed future \ \ 6 || io 

Ship Canal doth a - A | 

Note:The faa fermicfin. snc ttt wolerdl ah Fe 23 
the dock basin is slightly \ \ y 5 3 | 
different from that shown Nos Voll Bay ere tol 

\. = = 
Scale 1”= $00 feet : = =3! 
Srrp Pian 


: *  DEscrIPTION OF THE MODEL 


The model lock was constructed of timber and Swedish hard-board 
(“Masonite”). The scale-model tanker was carved from wood, whilst 
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the sluices were cast from plaster of Paris. Sheet-metal was used for the 
side culverts. 


Figs 2 (b) 


9 wide 9” deep r 
rebate for limpet 
to all openings 


Scale: | inch = 25 feet 


Cutvert Derars 


The lay-out of the model is shown in Figs 3 and 4. 
In the Paper, the Authors proceed to calculate the scales of velocity, 
time, discharge, etc. 


Modification to 
original design 


4 
(Dock area) 


ors 


Alternative 
position 
of gate 


To sump at Y end 
@ Denotes vernier height gauge 
° * air vents 


ARRANGEMENT OF APPARATUS (DIAGRAMMATIC) 


THe RecorpIna APPARATUS 


Since a permanent record of the movements of the vessel in several 
directions was required it was decided to use a mechanically operated 
recorder, rather than a system incorporating cathode-ray oscillographs or 
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other instantaneous recording devices. The Paper describes, with photo- 
graphs, how a chart-type of recorder was arranged, so that the movements 
of the ship during a locking operation could be traced upon a single sheet 
of graduated paper wrapped around a rotating cylinder (Fig. 5). To 
transmit the motions of the ship to the recording pens, a system of wires 
and guide pulleys was evolved. The movements of the vessels were subse- 
“quently converted to those which might be expected in the full-size ship, 

and have been given in tabular form., 


EXPERIMENTAL PROCEDURE 


The sluices were moulded in the model, and tested by recording the 
motions of the boat corresponding to various values of the lift in the 
lock. Experiments were also performed with the vessel lowered, that is 
to say, with the lock partially emptied. In addition, the draught of the 
model was varied to correspond to ballasted and fully loaded conditions. 
_ During each locking operation the time was recorded, firstly by means 
of a stop-watch, and secondly by noting the number of graduations through 
which the pens had travelled upon the recorder chart. Since the time 
taken by the pens to traverse the distance between successive graduations 
was two seconds, the time of locking could easily be calculated and com- 
pared with that given by the watch. 

For each lift, the locking was performed using (1) each side culvert in 
turn, and (2) both culverts simultaneously, so that all possible conditions 
were tried, and the resulting motions of the vessel examined. 


Tests TO DETERMINE THE EFFECTS OF SILTATION 


_ A flat bed of powdered pumice was laid in the lock, and photographs 
taken after 13, 26 and 39 lockings under the highest possible lift of 25-5 
feet in nature. These experiments, which were undertaken both with and 
without the tanker in the lock, were repeated for two different types of 
sluices. 

Since the photographs taken after 39 lockings showed that the bed 
configuration was about the same as after 13 and 26 lockings, it was inferred 
that a state of stability had been reached. — 

Although the laying of a flat bed of pumice might appear to be an arti- 
ficial way of attacking the problem of siltation, it was the best solution 
which could be found without including a tidal portion of the River Mersey 
in the model. In the prototype, silt would be carried in suspension by the 
river, and, when filling on the tide, the water entering the lock would bring 
in a quantity of material which would be deposited as a more or less even 
bed, on the floor of the lock. 

Successive fillings and emptyings would then scour the bed in the 
vicinity of the ports, whilst the material brought in, when filling the lock 
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from the river would tend to increase the depth of the bed. Thus, exact 
information as to silt movements on the floor of the lock, could only have 


been obtained by reproducing the cycles of operation likely to occur in 
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practice, at the same time investigating the criteria for dynamical si 
larity with regard to silt movement. Considerations of space and 
precluded all possibility of attempting this ideal method. 
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RESULTS AND CONCLUSIONS 


The results showed that both types of sluices used for filling the lock 
would be satisfactory in that, (a) the maximum calculated forces required 
to arrest the motion of the ship were not excessive when due consideration 
was given to the size of the vessel and lock, and (b), there seemed to be no 

likelihood of any blockage of the lock or sluices through heavy siltation. 

__ Since one type of port would, however, be easier to “ blank-off”’ than 
the other, it was decided to recommend that design on the grounds of 
easier maintenance. 


APPENDICES 


Appendix 1 of the Paper provides an estimate of the effect of mutual 

interference between the systems of recording the transverse and longi- 

tudinal movements of the vessel, thereby justifying the use of slotted plates 
as connexions from the recorder-wires to the masts. 

Appendix 2 describes subsidiary experiments performed on a small 
lock, which was used in order that only one sluice needed to. be moulded 
and tested for its effect on the siltation. Thus time was saved by avoiding 

the moulding of fifteen such sluices in the large model-lock—a task occupy- 
ing almost a week. 

Only those designs of sluices which gave encouraging results when tested 

‘in the small lock were afterwards moulded in the large lock. 

Appendix 3 provides examples of the calculations of the velocities 
through the various sluices, and sections of the culverts, assuming certain 
values for the frictional factors of the culverts, and for the losses at the 
sluices, etc. 

The times of locking have also been computed, and are in reasonable 
agreement with those observed. 

_ The interesting point emerges that, when filling the lock from the dock, 
the sluices furthest downstream in the culverts give a greater rate of dis- 
charge than those near to the dock. This is in accordance with the results 
of the research performed by the Tennessee Valley Authority and agrees 
with observations taken on the existing locks at the beginning of the Ship 
Canal at Eastham. 
_ It is hoped to make further comparisons of the theoretical and actual 
‘filling times when the new lock goes into service. 
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The Paper is accompanied by twenty-six photographs and thirteen 
diagrams, from some of which the half-tone page plate and the Figures 
in the text have been prepared. 4 
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SIR THOMAS PEIRSON FRANK, who died in London on the 12th 
November, was born at Kirby Moorside in Yorkshire on the 23rd July 
1881. Educated at Pickering Grammar School and Huddersfeld Technical 
College, he had 3 years’ practical training under Mr K. P. Campbell, then 
Borough Engineer of Huddersfield, and in 1903 was made Chief Assistant 
to the Borough Engineer of Dewsbury and Engineer to the Dewsbury and 
Heckmondwike Waterworks Board. There, for 5 years, he gained further 
experience of general construction and maintenance of roads and tram- 
Ways, and was concerned with the building of a covered market and the 
laying of water mains and sewers. 

In 1908 he secured his first independent post as City Engineer of 
Ripon, where he worked for 4 years and was responsible for the building 
of two river dams and for the extension of sewage disposal works. From 
Ripon he moved to Newark-on-Trent, where he was married in 1914 to 
Miss Irene Augusta Thirlway, and then to Stockton-on-Tees, Plymouth, 
Cardiff, and Liverpool in succession with his increasing experience and 
ability, holding posts as City or Borough Engineer for periods of 3 to 4 
years in each place. 

_ He was temporarily released from his post at Stockton-on-Tees to 
join the Royal Engineers in 1915, was commissioned in February 1916, 
and was posted to the 237th Field Company in France. In April 1917 
he was given command of the 198th Land Drainage Company but was 
wounded in August of that year. After leaving hospital he was a lecturer 
at a School of Instruction until demobilized with the rank of Captain in 
1918. 

_ While at Plymouth he was responsible for construction work including 
roads and sewers for an extensive housing scheme, and a reinforced concrete 
landing stage. At Cardiff he acted as Surveyor to the Hast Glamorgan 
Town Planning Advisory Committee, and did the same for the South West 
Lancashire Committee while at Liverpool, where he also lectured at the 
University. 

_ In 1930 he was selected for the post of City Engineer and County 
Surveyor to the London County Council, and in the next 9 years works 
sarried out under his direction included improvements in main drainage 
ind sewage installations, housing estate developments, the widening of 
Putney bridge, the building of a new bridge at Wandsworth, and the 
lemolition of the old Waterloo bridge and the construction of the new 
me in co-operation with consulting engineers. He was a member of the 
ixperimental Roads Committee of the Ministry of Transport, of the 
. 
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Highways Research Board of the Department of Scientific and Industrial 
Research, and the Departmental Committee on Garden Cities and Satellite” 
Towns. 
Throughout the 1939-45 war he was Co-ordinating Officer for Road 
Repairs and Public Utility Services for the London area, and directed _ 
the repair services that enabled London to carry on in spite of the severest 
air raids. In recognition of his work he was knighted in 1942. 


Council and a month later joined, as a partner, the Westminster firm of 
Coode, Vaughan-Lee and Gwyther, consulting engineers ; and undertook 
a variety of work including reports on sea defence works at Chesil Bank, 
a flood prevention scheme for Salford, and water storage for irrigation in 
British Guiana. He directed the designing of the Cross River, Gongola, 
Garafini, and Foggo bridges in Nigeria, and was concerned with work on 
power stations in Malaya and Melbourne, and a tunnel being driven under — 
the Thames at Long Ditton. 

Sir Peirson Frank’s position and ability resulted in his being asked to 
officiate within numerous national and engineering Institutions. He was 
President of the Institution of Civil Engineers from 1945 to 1946, having 
been elected an Associate Member in 1906, transferred to full Membership 
in 1922, and become a Member of Council in 1931. He was also President 
of the Town Planning Institute in 1944, a Member of Council of the Royal 
Institution of Chartered Surveyors, a Fellow of the Royal Sanitary Insti 
tute, and a Member of the Institution of Municipal Engineers. In 1941 
he become a Member of the Executive Committee of the Automobile 
Association and in November 1950, Vice-Chairman. During the summe 
of 1950 he took part in a tour of Canada and the United States to study 
road conditions and reciprocal services between the A.A. and its trans- 
atlantic counterparts. He was a Colonel in the Engineer and Railway 
Staff Corps from 1932 onwards. 

He is survived by his wife, one son, and four daughters. 


DAVID BARRINGTON BROW, 0.B.E., M.C., who died in Bermuda’ 
on the 27th July 1951 at the age of 60, was born on the 14th August 
1891 at Dartford, Kent, where his father David F. Brow was at one time 
Principal of the Technical College. Educated at Dartford Grammar 
School and privately, he was articled to the late William Banks, a civi 
engineer, for 3} years, and then in 1912 was made assistant engineer on 
the construction of the Rochester and Southwark bridges. In 1914 he 
gained further experience as an assistant, on the Doncaster—Thorne widen- 
ing of the Great Central Railway, before the war began and he joined the 
army. He served with the West Kent Yeomanry in Gallipoli and wit 
the Royal Engineers in France, won the M.C., and ended his full-time 


army service as a garrison engineer on the N.W. frontier of India, with the 
rank of Major. ea, 
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Demobilized in 1921, he was appointed Executive Engineer to Karachi 
Municipal Corporation, and 2 years later Engineer to the Port Trust of 
that city. Considerable development had been planned for the Port, and 
he took charge of the construction of the new West Wharf, a deep-water 
quay 2,500 feet long and founded on monoliths. The first two berths 
were finished in 1927, and two more in 1929. He was also in charge of 
extensive reclamation schemes, and for 3 years was responsible for the - 
harbour dredging. 

In 1936 he was appointed Deputy Chief Engineer to the Port Trust, 
and in February 1937 Chief Engineer ; and that post he held throughout 
the difficult years of the 1939-45 war. With the entry of Japan and 
America into the war the Port became very busy, and the quantity of 
cargo handled rose to a daily average, in 1944-45, of 7,800 tons; to deal 
with this traffic a total of 900 feet of new wharfage and a road along the 
Kast Wharves were built. Facilities were also provided for the marine 
engineers to repair large numbers of merchant and naval ships. In 1946 
he became Chairman of the Trust for 1 year, before retiring to take up 
consulting work in Pakistan. He was ill when he retired, and continuing 
_ poor health resulted in his leaving Karachi for Bermuda in December 1950. 

D. B. Brow was elected an Associate Member of the Institution in 
January 1919, a Member in March 1937, and represented India on the 
Council from November 1945 to November 1948. His services during the 
1939-45 war were recognized by the award of the O.B.E. 
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CORRIGENDA 

* Journal November 1951, Paper No. 5820 (Carroll)— pes 
3 p. 494, line 2, for “ square” read “ linear” ee 
: line 3, for “slab” read ‘“‘ beam” aa 

; line 11, for “z= 2,148 per square foot” 2a 
. read “ x = 2,148 per linear foot” 
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